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ABSTMCT 

The study prograjii was designed to canpa,re Alorlnc', chloirlne 
dioxiidft aad oaone as^ temlnal disinfectants fo-r nuElcipal wafiit.ewater 
■tmrntmrnat plant effluents, Iiivestlf.atlO'ns were carried out •at s'lmll scale 
ffn three tf'pea of wastepater lef fluents .(noa-nit.rlf led, nitrified and 
d#nlitrlf,ii&d,,)' under field condltlona. 

All tbimm dlsiiifectanta reduced the tO'tal cellforiis in the 
effluent'i m the .solect€:d target levals (2'0OO' total coli:f...o:riis;/ii,L). 
Average dlsinfiectaat •io«ages -and ■mittliiuB contact tines required to 
consistently acMeve target levels we,re ieflned.^ The effectiveness, lof 
•tac'li ill infect ant foir the control of ffi:.Gal. collforiia,, fecal strep't'Ocoecl , 
Wm iud:iaiio-na.s aarngin.0:.sa and saliifline.llae was deteriilH6d.: 

i'Ssei on the resulti of field iriwestlgationB and ^raUel 
.engineering studies, uge-Gosta were iewloped. For all three types -of 
efflueEtS'j and at all .ieslin eapacltles examined ^ chlorine had the lowest 
pr-ojiftcted. use-cost. While oione had a sllglitly Mgher projected, use-cost 
than dn,lorlne dioxide for effluents of low qaall'ty at sniall treat'iient 
pla-nt.s., inprowe'i ef fluent fuallty and larger treatiiant plant alie -iaa,de 
ozone ■wore ■eco^nomiGal * The inv estigation .flhowad. phl:jix±aa^jze..^hm,^^%^^^f^n^ j 
Jjldely applica ble lef fluent dls lnfe.etant. Dechl.o..rlnB.tioii -an eliminate, the 
mmm toxic i ■ty _j£__eh,lo r±MM.tMA._ja:MM..tmm-a i^ g r b . ' 

Qzonation prodmcei nao-aeutely t,oxic efflttents and shonld '|e 
ftioinsidered for ilslnfcct'lpn of ■hlih quality efflueat'S, imtticularly at 
'0:Xy,ie.n^activated sludie plant.s. The teclinolo^iy requires further 
Invest 1 gat-ion to reduce the equlpnent. coists., and iii:ptoive ■oi.©ne pmeratlofl. 
.efflciiiittcy and pro-ceiss controi:, 

Iffluentfi disinfected Mlrh, chlorine ■dioxide- 'we're- acutelf toxlic m 
■juve-nile ralnbaw tro«t. fcildual re»val, ca:n te: pifactiiied, but the. 
.E.e:am.lt:ant use -cost Is imch higher than the cost, of ■chlorine ■ilslnf.ectlia 
and dechlorination.. ChlDrlne dlo«lde ms tto.re.f«re ■Gonsldered 
e conoii.l..eally unat t ra.ct.ive * 
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J "r-. L 'etude avait pour . but ide cottpprei:, l^.^alenr. dyjjehjofe, du 

dioxy;4e ,, de . chlom r at ^ i© i,'®zome,: . cQ'iiaBx dip i^f efctaat s .j f imauifei dSaif ioiatt b 
.i^lalfOfflftat .d'lisinea ^ ipiiicipiiie^ -,4; ipyrali^pli] des£,eaB»i i iLeirjiiecheBehe-ssont 
itl|,fp§n|,e,f ! siif:flace , et ;| r fefiiit't ie:ii§i|Lft!.i,t ■;©'&:!: ■wpQ'Ite torstf flsDiy^iBsno 
d'eff lu,ents (non nitrifies ,, tiitrif ilinet .LifiM'trAf ies)i.,^b.n[. ( bail, i iJ ins b 

,r , €e§ : tCQijodesla£iec;tismti;yani,_Teimit:!i&'l.mii»te colifomea 

i la ¥a|'elii;;¥i.s|i _,4e.: 2QGQ^ til^i,, ■■ ;Aii; ■ecats jdiii^etiadefloa aHietieminiiiliiiose 
moyeniie et j lar^dmrieujpiniisale de^:-©0'nfti4atbfflicei a^Bsivlue 

l^gffieacitl.de chaftiin das df sdnfeofiasts^ii IjIgaM dasicoiif oimes -;ficatix, 
^ jdtS' fiireptocituef ffeauxi des • Pseiadomoiias jaeyuginosa' iettndesslalffldaeltop. 
D ' apres lia ; ; rlsultats ■ 4ea ^ fceBheirckeso f aitesotomf iaeenaf^uaii^ 
tfichn±qji.f p_:^n|as en parallile .j ; on aripuiivallieEi :les:i£o€tsbd*Btiilisation 
dap di^imf§q|aatiti, Ofl^s'est^##ifSP. fttftw pewfc, ieSriirolBltypesydleSSlmines 
l>..e-^,;| 't;p#tes, : iQgj fapacltlsH:: i«i/«ta6ittlSL4K9,.iiij|iesJj. le.Li chiO'teBcoitieBaitt lie 
j „-fl,Qlii,s, :: chei *. , f ]L^! oz#mB;. pout f,icai t imb._, piBii pJjBS:-ij'hi ti gae le Bdionf de bie aallai^e 
poiijf.,-:ie.„;£icai|€peiit • 4''sf |lpeat#:. do ^,.piittff'i!jt»*'iit©'^ 'daiitxaftb pefclteiiistafei-oiis ,, 
m§4%:da¥tf ndittt flm, |c©Momc|iyipi aiee |j img'ipntsfiliol :i.4eLlftofiiali'|/ld'iBl-t| 
.^.'ef f Juent m% de : la; pa,p«,Gite,^ de:,jl'H,8iig3idfii: t5fl±tenii.nt*jrioBB;:;pl9,Si)ml«:n'OhliOTe 
.^^,B^^^ltr,M seMl dlflnlectant,,! pO'iiTOi¥3iirii»tiitiilianili«,©iv^rte-^limtt ^de 
conditions. La dicliloration perme| vd!ilimii>etniactHKle4tl jiigmijdeaneiw 

jj. ,, ; ,.^ :L*o2o^jatloii: aj©mte \me'tp#le|t| ft0ii.:alittij«i»rBff Jaeafet^itsflcj 
tevrait Jfe?#;,mtilii|| ,four J.^: i|siniwetipni4eiqetpiitBtaf:,iftvtiaal4bigw 

p,J|evies. ,iLiQ|aiMifiii|,,dass les pjtaHoni.-fa.Afuis ftitiiisisi lloxi^ilmg* jaili-;faut 

poiusser la recherche aur cette opiratloin, aliWriie iiittttf ieBeoito9iiai3l:3 
:,i natlfiel. H,lGeS:aaire,,:)i''appli0i«.5Li'eIfl€aii,t|,.,;iB i Itr-pioiBotlioifl d'ozone et 
d^aai^,fe^^,mne^^l|el|la■llfe.;;paltfise-■d» . '>.,<,; vt ^.^ooaik-.'^ ^Ixa^r^ful 

;,-,__;■: ■ ; -^ij: Les' .iff ImeiitB . tfa4teSi>«u!;M©xf de:<j de efeliore ^ aiaienfeaanefifeoiieiiti 
fllgui pO'iiE,,la; truite ,are'-enfeielv. jut|mt4i«:jr'rimo petit iiiMnet'TMiidiO'Xf'ife 
rlsiduel, mais les couts qui en riB.iiitent sont3:aiifeil#nEai!aY<£eiax£ie.Diaa 
ehloration et de la dichloratioii. Le dioxyde de chlore a done semble 
presenter peu d'avantages economiques * 
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GQiHCLUSIOMS AMD^ffgOFMENDATIONS 
Coinclusions ,^,l. ^ 

1) ^ Chlorine, chlorine dioxidej and ozo^e , were found i capable of achieving 
•r'V "adequate" disinfection (200'0i TC/lOO mL) of ttie ' effluents studied. 

Average dislrifectpnt dosages and ri4nimuii.aoirn,tact , times -were defined. 
I1.I2} Under conditions achieving the targit levels all three ' disinfectants 
effectively inac^ivate^d fecal colifoi^Bis, fec#.l , itreptococci , 
PaeudioiiniQnfats. aerttgifloaa 'and ialmdneilab fliilield UklmoAdtlae data foir 

III ^- if! ' ii '!■, . • ' 

chlorine)^ Chlorine dioifide and ozone were also effective in 
inactivating ■boM T l>aebetlo|iha^i . ' '■Chld:^i'n# lUkcii^'siM tacteri'ophage 
!•;, effectively in nitrified effluent during the suimq^r^^bBt not in 

non-nitrified effluent during the winter. None of the disinfectants 
was effective in Inactivating aerobic spore formers. 

3) The end-of -contact residual concentrations of chlorine and chlorine 
dioxide could be correlated with disinfection efficiency (expressed 
as the logarithm of the total coliform survival ratio). This 
indicates the feasibility of using the residual concentrations as 
process control parameters. A similar correlation could not be 
established for ozone = However, the target level was generally 
achieved when the end-of -contact (at 18 minutes) ozone residual was 
0,0i2 - 0.2 iiig/L. 

4} The residuals of chlorine and chlorine dioxide aTe relatively .stable: 
and acutely toxic to aquatic biota. The stability of the residuals 
makes removal through decay In stoirage impracticable* Both resldumla, 
can te readily removed chemically by a redttclng,. .agent fesg*',, Bodlttnii. 
sulphite) to produce a non-acutely toxic disinfected effluent. Q'zo.ne 
residuals are extremely unstable, and no post-traatiient Is required •, 
3) Ozone disinfection produced secondary effluents with better 

physical-chemical characteristics than those treated with chlorine 
and chlorine dloiride. Suspended solld.s.j, COD, .colour and turhtdity 
were lower ^ All three disinfectants rej-duced. nltrit'e 
concentrations . 

S') Depending on the type of effluent and on treatinent plant design 
capacity J the use-costs for chlorine dioxide and ozoiie are 
approximately three to six times higher than .for chlorine*. 
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7) fe^i^^ m ^ ^^^1* ^ .i^iorlne dioxdto ^ ^^ ^^ that 
M'^» ^»M ^» 1^^ ^grff^^^^^ affected by the changes in quality 
different ^^^ >rf effluent and by plant design capacity* 
«re lower only for denitrified effluents, and at lar^i 
WPCP's for nitrified effluents. 
W$ B« removal of chlorlds MiL #ilorine dioxide residusAi ^ ,adding 
sulphur dioxide would i^^^^m .^m -pojected use-costs by 
ily 35 to 65 percent and five to -ft _^rcent , respectively^ 
idlng on plant design ^pmcity. 



Recommendations 

IJ Chlorine remains the only widely applicable water pollution control 
plant effluent disinfectant » Dechlorination by chemical reduction 
|*«§»^ W'^ addition) should te practised where thQ ^Midual acute 
toxicity to aquatic Met* Witft fc eliminated, 

1| ^fflBi» iiwlwfected effluents ^^^ non-acutely tOfri^ b® ^^tic biota « 
'^one disinfection of ht^ ^alE*^' .effluent should be encouraged, 
•^■rt'fi«HdB3Ply fm ^mm ^^^m iSctivated sludge treatment plants « 

ij For ozone disinfection to be ai^l«lW:e ^ -^Taical non-nitrified and 
nitrified effluents ^ there must te further development of the 
technology* Future efforts should te ^^K«nt rated mm. 



'^Mcm^ overall equipment costs, 

^e efficiency of ^^^ .^aeration (l.e*, reducing 
p^iE cpasuwagtlon i^r pound ozone generated), 
Lng ttie 'gffic^^^ ^ fzfat transfer in contact columns, 
"^ developing a reliable pro^^ control parameter ar nethodology. 

%) Chlorine dioxide disinfected effluents were acutely toxic to juve'^^^te 
rainbow trout . Further work t*' ^^lop chlorine dioxid-i as, » 
.^condary effluent disinfeciG«B* ^^Id be of relatively low priority « 
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J gpm 
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percent of test organisms within a specified period (96 
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I INTRODUCTION 

Chlorine lias been used as an effluent disinfectant in wastewater 
treatment pi a n t s i o r al nio s t a c e n L u r y » In recent ye urs , ch 1 o r i ne 
residuals have been, shown to he toxic to aquatic life at extremely low 
concentratioas , raising serious concern over the effects of its continued 
use and prompting a search for environmentally acceptable yet practical 
alternatives. Consequently, the Canada-Ontario Agreement (COA) Research 
Program funded this field study to compare chlorine dioxide and ozone 
with chlorine as disinfectants. 

1 . I Objectives and Sco p^e 

The overall objective was to compare the relative merits of 
chlorine, chlorine dioxide and ozone as the terminal disinfectant for 
secondary effliients from municipal water pollution control plants. 
Specific study objectives were: 

- to determiae the dosage and residual concentration of each 
disinfectant required to inactivate ^JO to 99,9 percent of the 
total coliforms In municipal secondary effluents; 

- to compare the effectiveness of each disinfectant on other 
selected organism groups, including focal coliforms, fecal 
streptococci J Pseudomonas acrugi nosa , aerobic spore formers, 
bulk T bacteriophage and salmonellae; 

- to quantify the acute toxicity (LChq) to juvenile rainbow 
trout induced by applying each disinfectant to non-nitrified 
secondary effluent; 

- to estimate che direct use-cost of each disinfectant; 

- to determine the utility of measuring end-of-contact or 
intermediate disinfectant residual in predicting disinfection 
efficiency; 

- to assess the degree of difficulty associated with reliably 
producing a non-acutely-toxic effluent using each of the three 
disinfection, alternatives . 

When the specific objectives were defined, the formation of 
chloro-organics and other specific toxic compounds from disinfection 
by-product reactions was not a concern. Consequently, the program was 



•tmt designed to address the lilcro-^cheiii.stEy of the tlire:e alternative, 
idlslnfectamta* 

Each dlslnjfecta.ittt was. evaluated lOver a rmnge of do'ftages anJ. 
£'Oiii.ta.et titles for se.eO'ridary effliu.en.ts whlcli had undergO'iie ¥a.rylfig degrees 
:0',f biological treatmemt « The scope of the progcaii ia siiiiina.r.lzed iii 
lable 1* 

Secondary effliientfi we.re class. lf.ied on the tasls of aimoaia and 
nitrate .iiltrO'gen. concentrations, .Data on effluent quality diiri:ng the 
fouT study periods are pre.semted. in Sections 4„, .5 and i» lloa.s.iay tests 
were conduete..d In parallel with disinfection ■s.t.udies In. PerlO'ds 1 ttiid. .3 
of the study. 

1^1 Re po r t Qirganlza t i on; 

Thlfi. repofrt la. d±vide.d Int.o three ■ma.giorr partB.*. 

The. first part (Sec.tlO'n 2) sni'niiarlzes' the disinfection 
.e.f ficiencleB and .acute, lethality of the three, '.dlsinf eGtan.ts ©¥alu.a.t.ed • 
A detailed di.scaBslo'n. oi the acutje lethality results 'has been pufalishei. 
.i:n a c.o.ni,pa.n.lon. repO'rt (1)., Eelati've ai¥aiita.ge...s and dis.ad'va.mta:|ie.s of 
applying chlo'tlne ,, chlorine dloxlide and Qzomm. to ■pual.Btpa.l secoiidary 
.e£,fl]ueii,£ dlsln,fectlon ,are alsO' compa.red. 

The seeond part .( ■Sect ions .3. tO" S) p.rovldes a .dg' tailed 
description of ex:pe.rlii.ental procedures (S'sctlon 3)i and diseu.fifsion of tkm 
disin.f.e.ctioin resiiltB .ohtalned f.roni.. the app..llcatioii of Alorlne CSfccEion 
4).,., ch.l..orln.e dioxide (Section. .5) and ozone- CSectloin G)',. 

Part .3 cons.ists .of seven appendices.* B£.levan.t inf omatlO'ii, 
.incliidlng a review- .of pe.rtinent teGhnlG.al llteratiire is pro'Viied In 
Appendicea A to D, Maw data use:d to prepare Se.etions 4 and .5 are 
presentisi in Appendices E and .1', ries.pe.c.tl¥ely,. IJBe-Go.sts fl.te de^eloipei 
l:n. ..Appeii.d.i;is G. 



TllLE 1« SCOPE OF' SffElIlE'imL :PlDeiM' 



Study Type of 

Period Secoindary Effluent 



DlBlftfectant 



■fcange' Coataet Tlimes itartim - Finishing** 

Cmg/L) (minMtes) Iftte' 



cc 



1 


Non-nit r if lei 


Chlorine 




3 


- 


i 


15, 


30,, 


45 


Feb* 


■- Apr.. 


1975 






Chlorine 


dioxide 


1 


- 


? 


20 






Fmb... 


- Apr* 


19 7 S 


i 


Iltrified 


Chlorine 




3 


- 


19 


15, 


30, 


45 


Hay 


- Junie 


1975 






Chlorine 


diO'XidiB 


2: 


~ 


6 


20' 






.Mg* 


- Sept.. 


19 7 S'. 






O'Zone 




2 


— 


16 


18, 


27, 


36 


Jnnii 


- Sept. ,. 


Ii73 


1 


Ion-nit rifled 


Chlorine 




3 


- 


7 


.IQi 






Sept, 


- Io.v«' 


1975 






Oizoine 




2 


- 


20 


18, 


2?;, 


36. 


Se.p't . 


- Ii0'¥*, 


1975 


4 


De nit rifled* 


Chlorine 


dioxide. 


2 


- 


6, 


20 






,l0i¥ « 


- Bee. 


1975 






Ozone 




2 


- 


12 


12, 


18, 


36 


loy. 


- Bee* 


If75 



* Ferric chloride added for phosphorus r.emQ'Wal-. 
■**Studles no't necessarily co.ntinuous. 



2 illMttlY MB ASSESSMENT OF 'THE CHLORINE, CHLO'RINE DIO'XIDE, 

AMD QZONl DISTIFECTIOl RE,SiULT:S OBTAINED 

2. 1 Intro due tlO'Ti 

in this ■sfictlon the relative advantages and disadvantages of 
chlorine, chliOTine 'dioxide and ozoine arie coiiparei l^,.:s.e.d on the data 
presented in, ■S'ectiO'.ns 4„ 5 and 6* 

BecaiiS'e foir'niatlo.n of chloto'-organic eoffl,pq'iiind;i was noit a coiiCiftrn, 
when this. iBvestigatlon was; begun, this asfect of secondary efflms'at 
•disinfection wms .not incl.u4ed and will net be coiimentjid on* 

i.-i •C&mpari.aQB of ieeottdarf Effluent Qualities 

The' ■physical-chemical quality and collfom densities in tlhie' 
unililnfected B.ec.ondary^ effluents were cofflpared.* 

The .geometric nieian im-lues of the paraiDfiters tlhat •differed 
significantly .at the 9^,5 percfi'mt confidence level a.re tabulated in TatlB^ 
2. The differences in the few quality paramet.ers shown, to be 
statistically different within the samfi, study period are s^mall. It can 
thus •be concluded that the effluents disinfected within the. same study 
period were 'similar in •'quality and •any difference In tecte.rl:cidal 
ef fiectiv.e.n.ess 'Can be at.tribu.ted tO'. the disinfectant. H'Owe¥e.r, 
non-nitrified, effluent dl^slnf ected by chlorine 'dioxide and ©•zone in, the 
sumiier '(Period 3) was 'Of loW'er quality thaa the non-mitrif i'ed effluent 
disinfected by ichlorine and chl'orlne dioxide In the winter (Period 1)'* 

2*3 Factors .Exiperinientally In¥e.stlgate'd 

2 m 3 « 1 Bac t e-r i c i da 1 e f f e^C't 1 ¥e.'ne s a: 

Chlori-ne, ehlorlne dio^xide •and ©•z^'O.ne •wer^e effective: In the 
■effluents teste'd^^ Gl¥en high eno^ugh do'^&age' or residual, .and cont.a'Ct 
tinie,, all three alt-enfnatlV'es aGhiBve^d and •surpassed the t^arget level 
based on total colif-om C'Ounts.. The dislnf-ecta.nt dosages and contact 
tlm,Bs^ required for theS'e targ'e.t levelB^ are tabulated in Table 3... Dosage 
■».arlatloin with respe^ct to^ .effluent quality is essentially due tO' ch.anges 
in, bantericidal effectii/eiiess with effluent •quality,, and idif ferences in 
initial total colifom 'den,sities« ,Disinf'ect.ant do.sa:ges required for 
■f9 p^E.rcent total collfoirm red^uct-iO'n (equivalent t.o a redu.ctlon .of tw^O'^ 
orders' 'Of iiag.nitu.de) at th.e •end of thie e-stlmat.ed. nlnlmuii, con.tact tl.iies •arii. 
also^ presented 'In Table 3.^ 



'TABLE 2, COMPARISOtJ OF PHYSICAL-CHEMICAL QUALITIES OF SECONDARY EFFLUENTS 



^^^i^M ,man of Quality Pai:ffi»'t;efes a@rt.flg a Significant Difference 



Stydy Type ,rf 
Period Effluent 



Disinfectant 



Total Fecal 
SS WD TKK NH3-N N02~N Temp Turb. Colifom Coliform 

img/L) (mg/L) (mg./L) (mg/L) (mg/L) (°C) (JTU) (per 100 mL) (pei 100 mL) 



Non-nitrified Chlorine 



48 18,2 15.2 0.23 11.8 -* 9.9 x 10^** 6.4 x 10^** 



'Qlle'rine dioxide 



1.9 X 10"*** 1.^ X 10^'*** 



Non-nitrified Chlorine dioxide 



14 



77 



15.4 11.8 1*116 19.3 



4 X: 1 



^ 



1.5 X 10- 



Ozone 



11 



76 



16.2 13.0 1,30 19.5 



2.8 X 10 



1,7 X 10' 



m trifled 



Chlorine 


■^^. 


44 


.^ 


- 


~. 


18,0 


2/6 


■.fe*,: 


■1.3 X 1# 


Chlorine dioxide 


.^ 


-44 


m^ 


me 


imt 


S4f 


iji 


m 


MmM m I# 



Ozone 



52 



!0.4 5.9 



1.4 X 10 



Denitriricd Chlorine dioyide 



31 



f«S X 10- 



■i_--"-_ — - - --_- 



4.3 X iO- 



* Turbidity «as not merasaTed durittg Feri'o^ 1« 

^* Total coliform and fecal coliform densities prior to chlorine disinfection in Period 1* 

^^Total coliform and fecal coliform densities prior to chlorine dioxide disinfection in Period 1« 
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TABLE 3.. DISIMFEGTINT DOSAGES MD ISTimTEDi. mil'lDM: COlTACf TllffiS: MQUIlEB TO ACHIETO IbOQ TDTIL 
COLLFO'IMS FBI IQQ mL- .AID 99 PEECEIT mmL, OOLXPO'BM EEDUCTIO'l 



ID islmfeiGtant 



C h I or i ne* Ch I or I n© D I ox i de** Ozone 



Ef'f lue-nt Dosnage Cmg/LI for CmfBcf Dosage" (mg/L) for Coint,a:t Dosage (m^L for Ctontmt 

Type ot Temp Tim© _ Time ' Tllmie 

EffluBflft rm TCp, = 2OO1O/IOO' miL Log TCr/TGy Cmln) ' JC:^ ' imm 00 'm. Log 10^/10 ^ Cmin) TC^ = 20-00/1 Od mL Log 10^/10 „ ' (milinJ 

- -2: = -2 =., _2 



Nom-ni trifled !©-« §.5 6.5 15 2.9 3.,0 



Noin-eiifrTfiai li-20 - « - j„3 4,2 j 14 |,p jg 



Nitrified 1B-2t 7.1 f.g IS 5,^ J,:f i 10 

ID«.itr!tr.edl 10^-14. ^ « ^ 3.3 2.5 f * 



■* For use--cost estfpa+Ion,, chlorina dos;iges r©q|uir©d In nomi-n.itr If red and in 'rtr i f i ad «ffi|iyents wore assutned' -toi be the sflne and equaill to I -fo^ 8. .m^L, 
*^For uise-cost estimation, cihlorln© diojci* dosapt r-eciuired io inon- n irtr i f i i©d „offloent was .assuiraed to. be 7.15 ii|/L-. 



Based on these data, the following comments .regarding 
.disinfectant toctericidal efficiency '^M he madm 

- Similar chlorine dosages were required in two effluents of 
markedly different quality and temperature. 

- The dosage of chlorine dioxide required for the same degree of 
total coliform inactivatioo was affected more significantly by 
effluent temperature than by effluent quality. Chlorine dioxide 
appeared i»re efficient at lower temperatures (10° to 14°C) than 
higher (18'° to 20°C). 

■■ Ozone dosage reduced progressively as effluent quality improved 
from non-nitrif iedj to nitrified, to denitrified effluents » 
Contact times needed in the latter two were half of that needed 
f-or nom-nltrif led effluent. 

The ef fectl¥eness of the three alternati¥es on fecal coliforms, 
^^al streptococci, Pseudomonas aeruginosa ,, bulk T bacteriophage, aerobic 
spore formers and salmonellae are compared in Table 4^ in terms of the 
OTganism sur¥l¥al density achieved simultaneously with a tO'tal coliform 
survival density of 2000 per 100 mL. These data indicate no significant 
reduction of aerobic spore formers after chlorine and chlorine dioxide 
disinfections and Marginal reduction (95 percent) after ozone disinfection.. 

Bulk T bacteriophage were effectively inactivated by chlorine in 
nitrified effluent (studied in the summer) but not in non-nitrified 
effluent (studied in the winter). Both o-x»k and chlorine dioxide 
inacti'Wfi^ tl^WSi'rf^hage effectively in all three types of effluent. 

Ozone appeared slightly more effective than chlorine and chlorine 
dioxide on the remaining groups* All three alternatives were effective in 
inactivating fecal coliforms, fecal streptococci ^ and extremely effective 
on Pseudomonas aeruginosa and salmonellae. 

Bacteriological results (e.g., total coliform survival density) 
are the ultimate meas.ure of disinfection efficiency t. Since there are no 
rapid methods for bacterial enumeration in on-site '^^^^» ^iitrol, the 
ability to predict disinfection results from the disinfectant residual or 
some other controllable parameter is an important consideration when 
assessing alternatives » 



Tiill. 4. BIS LIFE CTANT EFFECT I ¥EMES;S AGAINST SELECTED ORGAHISM 'GlOUFg 



Orgaiii-SM survival ite-naltf (cOonls per 100 mL) attained at tQ'tat coliforii 
.8aar-T?l¥al .density .of 2000. cioiunts per l.Q€( mL, imlesB' ot:.lie::rw±.S« stated. 



Chlorine 



Chlorltie dioxide 



Ozane 



6. roup 



Hon-ni t r if led ,„ 
:iem-tti-trlfl:ed Nitrified Iltrlfled & Denltrlfiad Non-nitrified NitTifled Bienl trifled 



Fecal St reptocoicci 



60i0 



601 



280 



< SO' 



< 50 



<20 



Fecal callfofm 



<18 



41 



FgemdomiQinas aernglnoisa 



13 



IQ: 



Aerobic spore formers No lb 

reduction rfedmctlO'n 



Sal-monellae 



5/5*^* 



IQ^ - ISp 



<200 



<100' 



<7D 



23 



rediOLctlom 



Bulk T bacteriQ'phage** No >'99:^ 

rieductloin reduction 



12/12 



-;':7^^-: J _ -^::v:-_- 



m 



3Q 



10 



95.4% 

reduction* 

(730) 



.< 1 



< 1 



€ I 



tfi 



15/15 



7/7 



? :v -;; . ^_ —7- 



* Gorrespditdliig total collfi3.rm survival density was 130/lQ'O mL, eqiii¥alent t© 99. SI reduction. 

** I-D_5Q -pethod waS' used for chlorine sturdy, MM eiiuiieratioaj, metho-d was: used foir ehlo'rlne dioxide and ozo'iie. 

***Eatlo of IJunber oiffiamplej In wiilcli salmpnellae were absent in Fresience /Absenc e Teat' 

"^ - - -- — — '■,-- 

To'tal number of samples tested 



..;^:«°afeaJ^tl.,.i- 



,1? 

1 r I r'~^t 



In tbta stud^, tlie end-of -contact chlorine and chlorine dioxide 
^-idyal could fe n^ mtfi feaso^nable. mm^racy to predict the logarithm 
'rf the total coliforffi gtirvival ratio for a particular effluent. The 
f«4duals required to s^hieve target level of disinfection and 99 percent 

Mllforra reduetiOM are summarized in Table 5. 

m correlation between the logarithm of total ^fiform survi¥al 

i^li ^^^ ^sidual was obtained. However, based on the feta presented 
fil Section % the target level of total coliform reduction: ^- ^Meved or 
'ftttrpassed in six of seven cases in non-nitrified effluent, If^M^^m^ 
in nitrified effluent and all six cases in denitrified effluent when the 
«^nd~Q;f -eantajct lH minutes) ozojm r^^ldual wiB '^W^A ^1^ m greater than 
■iifcil ^rt ta'i '^^. ikli^/L. This implies that when ozone is slightly 
m-^tiQ-^^ m m^mM. a positive eo^-i^ -contact residual ("R" > 0.02 mg/L), 
adequate ^^^^tat, ts- l^a# «Meved. 

2 # t tM '96-hour acute toxicity 

In the compani^^^f [1] chlorine «^4^ .«#dnfected effluent 
was foumm M ^tely toxic to juvenile rainbow trout, but slightly less 
toxic than effluent disinfected with chlorine. In effluents disinfected 
•to' attain 'M ^^^ "f^^ «olif orm re^^t^n, the 96-hour LC50 value 
foli^^^' chlorine dioxide disinfection was 35 percent, compared to less 
I^^K • .^rcent following chlorine disinfection. tt« l^wer degree of 
acuta ^^^$^ Associated with chlorine dioxide is due to t«^ ^fefe^r 
the residual (mg/L) necessary for an equal level of total coliform 
reduction is lower for chlorine dlQ^m^. ^ chlorine dioxide residual is 
l^s persistent. 

Ozons! ^rf^^ls were ^^m4 to be .«il^^»lf instable. When the 
^^m system was properly operated, the residual did net ^sist l©ng 
enough to pro^^ wp acute toxicity to the trout tested. 

m «eute toxicity ^ ^^m^d with chlorine or chlorine dioxide 
disinfected effluent when the residuals were reian^ *«iilcally by sodium 
sulphite, or by holding the disinfected effluent in a tank until th« 
residual had decayed below the idnimum detectable level (< 0'.02 mg/L) 
m: ite amperometric titrator used. The holding time required to decay 
residuals to this level was longer than six hours, making removal of theM^ 
residuals by deciy 



TABLE 5= DISIMFECTANT RESIDUAL REQUIRED TQi ACHIEVE TOTAL COLIFOEM 
SURVIVAL DENSITY OF ZO'UO' COUMTS PER mL 



-Tl^-ir^'-r^-^ 



Residual Concent ration (nig/.L) 



of 
Efflaemt: 



•Chlorine 



COi.ntact Time (mln) 
15 30" 4.5 



ChlO'rlnB. Dioxide 

Contact Time 
20 minutes 



^ : -:.__-■_ \':._ 



Ozone 



Gontact Tinia 
18 nainiuLtes 



.|fO'n-nlt]flflB"i 
CPerloi 1 - 
winter 3 



2.2 



l.Oi 



0.17 



Q.M 



.lon-nl trifled 
•C Period 3 -' 
SMmmex ) 



1.15 



0.02 < R < 0.2 



Mltrified 
.CPerio^d 2 -• 
su'mmer) 



1.5 1.0 1.0 



0.5i 



O.O12 < R < 0.2 



Peni trifled 
{ Period 4, - 
wlntex ) 



O..55 



0.02 < R < 0.2 



2,3.3 Changes in physical-chemical quality accoinp anyi ng_jiis infection 

Table 6 summarizes results relating to physical-chemical quality 
parameters significantly affected by the application of disinfectant. 
These data show that ozone Is most effecti¥e in achieving physical-chejiical 
lraipriO¥eiiiients In effluent quality. This is particularly evident in the 
reduction in effluent nitrogen concentrations, as well as the reduction In 
COD, colour and turbidity. However^ B0'D5 in denitrified effluent was 
Increased. 

CQiDj BOD5, colour and turbidity reductions can te partly 
attributed to the removal of suspended solids which were concentrated and 
reinoived by gas flotation in the contact chamber. Nitrite was removed by 
all three disinfectants, but most efficiently by ozone. Chlorine dioxide 
was the moat efficient for B0'D5 reductlo.n.. 



TABLE 6. CHANGES IN EFFLUENT PHYSICAL -CHEMICAL QUALITY DURING DISIlFECTIOl' 



Parainreter* 



type 
D i s ( n f ect 3nt E f f I ue nt 



ODD mEt^ SS NO2-N Colour Turbid It/ 

^■fie. Percent 'frOflC 'f^f^ent Cone. Percent Cone. Fercant Cone Per^nt Cone. Fteroent 



%©n§r 



Non-nitrified 



Csuiinmer) 


15 


. 20 


2.1 


11.8 


4.5 


41 


1.07 


96 


57 


85 


3.1 


37 


Nitrified 


16 


16 '■ 


1.2 


18.0 


4 


50 


0.,29 


88 


55 


89 


3.7 


57 



Denitrified 



-2,0 



-65.0 



28 



0.01 



33 



34 



81 



1.8 



30 



Chlorine INon-n I tr I f i ed 

Cwinter) -6.7*» -13.5 2«6 11.5 



0.04 



10 



MT 



Nitrified 



1.3 



29.4 



0.29 



44 



NT 



NT 



m 



Chlorine 



iNon-n 1 tr I f i ed 


























Cw i nter ) 


^. 


fe.. 


2,7 


23«7 


** 


m 


0.13 


1Q 


NT 


MT 


« 


Hi.' 


Non-nltrif ied 


























Isumner) 


_ 


^. 


7.2 


50.3 


- 


- 


0'-30 


12 


NT 


r-JT 


- 


- 


Nitrified 


- 


- 


3.5 


52.8 


- 


_ 


0.06 


21 


NT 


NT 


;^ 


-= 



Denitrified 



4.3 



51.0 



0.12 



31 



NT 



m 



* #w©rage dianga in concentration and average ,peircBntage change attaint during stud'f j^Ml^'* 
** Negat i ve ch ang©' i mp 11 es conce;ntrat ion i ncreasedl af ter d I s 1 nf ect ion. 
•**NT = n'Ot tested. 



.i»,4 Factors Derl¥ec! f rom the Study Results 

2.4,1 Direct: iise-costs 

The average dosages and minimum contact tiffles sumiiiarlaed in. Table. 
3 were the basis used for estimatiEg the use-costs jof chlorines chloxlnft 
dioxide and ozone. To compensate for the slightly better quality of 
eon-Ditrified effluent disinfected in Perioid 1 CSeetiOin 5..2),, the clilQiflne 
dioxide use-costs in non-nicrif ied effluent were 'based on the dosage 
required in Period 3, Similarly, a single cblorine doisage (8.0 mg/L'),, 
slightly higher than that determined in Section 4,, wa's used In estiniating 
chlorine use-costs In both nitrified and denitrified .effluents. Other 
assumptions and details involved in developing the.. ■iy.s.e-c.O'S.ts de:Scr.l'|ied 
here are provided in Appendix G. 

Capital costs, operating and malnteH:a:nc.e costs , and tot.al msa-cost.s 
for the alternate disinfectants are sumniarized in Table 1 bmA.; .lllustratjeid 
in Figure !« 

Chlorine dioxide disinfection is approximately three to six times 
'ffl»f-e expensive than chlorine disinfection in non-nitrified effluent, and 
approxlmateiy three to five times more expensive In nitrified effluent. 
The high cost of using chlorine dioxide is asBOciated with the ase of 
sodium chlorite in the generation process ($1^65 per kilogram for 80i 
percent purity ^ cechnlcal grade chemical). 

In non-nitrified effluent, ozooe disinfection is approximately 
five to six times more expensive than chlorine and in Eitrified ef fluent ^ 
four to five times more expensive. The high use-costs of ozone result 
primarily from the high capital costs of ozone generation equipimeEt and 
accessories. Equipment costs are approximately $4400 to 66O1O per kilogram: 
of ozone generated per day (^2000 to $30€0/ib 013/dayJ for ozonators of 
640 and 180 kilograms per day (^140'0 and 400' lbs/day) capacity, 
respectively. The total use-costs of ozone would be significantly reduced 
if ozonator capacities were based on a peaking factior of ttfice, rather 
than three times, the daily average flow« 

In treatment plants whare pure oxygen Is readily available (e.g., 
pure Oxygen-activated sludge treatment plants), both the capital cost of 
the ozonator and on-site electrical energy cost would te much reduced, 
making ozone disinfection relatively favourable. 
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m.B:LE 7, USE-COSTS OF CHLORINE, CHL0RI11E D'lOXIDE ANU OZONE FOR SECONDARlt 
EFFUENT DISINFECTION (1977 EnRlneerin^ Me-wb Kecord ) 



■Oisln'fectlofi' 



Typ©' jQf 
iEf fluent 



_Planit Size 
iji^y'd. C II mgd ) 



Est. 
Dosage 
Cimig/Ll 



Ml i in i miLim 

Coimtact 

Time 

Cimin) 



CapiTtal 

Cost 

If) 



i/imi3 I gal) 



Total U so-Cost* 

C|/llOiO>0' 
h/w? II gal) 



ni trifled 



454„6 i 0.1 ) 

4 546 C 1 .0) 

45 460 no.O) 



IS 



20 000 

51 400 

17B 900 



1=04 C 4.73) 
0.39 (1.75) 
0.32 C 1.43) 



2.26 C10i,i6) 
0.70 [ 3,17) 
0.43 C 1 .93) 



;Clh:iQr-rn#* 



Nitrified 



454.6 ( J ) 

4 546 C KO) 

45 460 (10 = 0) 



i:-j 



20 000 

51 40C1 

17B 900 



11.04 
0.39 
0,32 



t 4.73) 
( 1/75) 
C K43) 



2.26 UI0.26 3 
0.70 C 3,17) 
0.4 3 ( 1.93) 



,D©-M rtr i f i ed #54.6 C 0.1) 

4 545 ( ILO) 

45 460 CI 0.0) 



Noni- 454.6 (0,1) 

n.l trifled 4 546 ( KO) 

45 460 (10.01 



52 500 

79 700 

183 500 



4.84 
2.61 
2., 38 



(22.01 ) 
(1 1.85) 
tlO.BI ) 



8.04 (36.54) 
3=09 £14.061 
2.49 (11.32) 



Clhlori ne**" 
D i ox i die 



Nl i tr I f i ed 



454,6 ( 0.1) 

4 546 f 1 ,0) 

45 460 (10.01 



52 50O 

79 700 

183 500 



4=47 
2.27 
2.04 



(20.31 ) 
(10.31 } 
( 9.27) 



8.54 (34.B4J 
2.75 (12,52) 
2,15 ( 9. 78) 



:B9-njtrif ied 454.6 i 0.1 ) 

4 546 C 1 .0) 

45 460 (10.0) 



52 500 

71 600 

167 300 



4.12 
1.59 
1.36 



(18,73) 
{ 7.22J 
( 6.19) 



7.32 (33.26) 
2.02 ( 9.20) 
1,46 ( 6.65) 



.N-on- 
.nitrffied 



454.6 ( 0,1 ) 

4 546 (1 .01) 

45 460 (10.0) 



14 



15 



117 900 

519 000 

2 832 000 



4.39 
1.23 
0.8B 



(19,94) 
( 5,58) 
( 4.02) 



11.57 (52. 5B) 
4.39 (19.95) 
2.61 (11.86) 



Qizonie 



.Nitrified 



454.6 ( 0.1) 

4 546 (1 .0) 

45 460 (10.0) 



12 



91 000 
416 500 

2 041 eoo 



4.05 
0.99 
0.66 



(IB. 43) 
C 4.51) 
( 3,01 ) 



9.60 (43.62) 
3.53 (16.04) 
1.91 ( 8.66) 



ie-ttitrif led 454.6 i 0.1 ) 

4 546 (1 .01 

45 460 1(10.0) 



10 



48 BQiO 
190 000 
186 800 



3.54 
0.59 
0.35 



(I6.O18) 
( 2.69) 
( 1 .57) 



5,63 (25.59) 
1.75 ( 7.95) 
1,07 ( 4.86)1 



* Total use-cost is the iuinri of tne amortized capital cost and the qieration anid inai nitenainca (O&M) ccst. 
**Tiotal use cost for di si ntect ioin only; no aliowainoe for residual removal. 
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UJ 
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UJ 
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50- 



40'- 
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10^ 
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EFIFLUIEiNT 
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I 



o 



I 



if 
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o 
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Oi5 

I 
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d 

O 

I 



m 



g 



(Imgd) 


0.1 


1.0' 


10' 


O.I 


I'O 


10 


01 


1.0 


10 


(m^/d) 


455 


«46 


4B4'60 


455 


454'B 


45460 


455 


454'B 


454'BO 



I 



TOTAL .U'SE COST 
OF RESIDUAL 
REMIO'VAL, BY SO' a 

AIMiO'RTlZED^ 
'CAPITAL COST 
Oi:F DIS'INFECTION 



'O'PERATINI'B it... 
M MAiNTENIAMCE 
i.CO'STiDF 
-■DISINFECTll'ON 



WJPCP DESI'SN 'CAPACITY 



flCUlE 1», DISriFE'CTlOil 'COST'S OF ClLOtlNE, 'CHLOIIlE DIOXIDE AKD 'OZQSI II lAlIOUS' TfEi,S iDF ■SlCQMBAlf- 
IFFLUElTs ,PD'E DLFFEREMl WPCP ffiSI'GI iCAEACITIlS '(1977 Engine erlcig leMS Bscord ) 



In a 45 460 m^/d (10' Imgd) tP««tfflent plant j operating and 
maintenance &os.t,s for disinfect iO'ti of a nitrified secondary effluent 
=repir--esent 75 percent, 95 percent ani 3^^- percent of the total use-costs for 
ey.#fia©^ chlorine dioxide fii ©zfllte, 'fespectively (Figure 2). 

Ozone exhibits better econo,'^- .^ scale than chlorine dioxide and' 
a larger reduction in total iis-e-^cost -with respect to lmpro¥ement in 
effluent quality. Ozone use*-eosl« msmld te less than chlorine dioxide 
use-costs In denitrified effluents, and in nitrified effluent at a plant 
design capacity of 45 460 m^/d» 

^*4«2 Pre- and post-treatment costs 

The tectericidal effectiveness of chlorine and chlorine dioxide 
was relatively insensiti'^ m effluent quality changes, while impro^y^, 
'Affluent quality greatly reduced the ozone dosages required for "adequate 
disinfection". Since Improving effluent quality would Increa^. ^^^^^' 
treatment" costs, unless high-quality effluent is required a cost-benefit 
balance should be made to determine the necessary degree of pre-treatment 
and minimlEe the o¥erall effluent treatment costs (pre-treatment costs 
plus disinfection cost)^ 

■fc-one disinfection '^^p not require post-treatmeot to produce a 
non-toxic effluent because the ozone residual is extremely unstable. On 
the other hand, chlorine and chlorine dioxide residuals must be removed 
or greatly reduced. In secondary effluents, residual removal by sulphur 
dioxide wo'uld increase the total use-cost of chlorine and chlorine dioxide 
by 1.40', 0e25 and O'.Ui/m^ (6.38, 1.13 and 0.654/1000 Imperial 
gallons) In treatment plants of 455, 4546 and 45 460 m^/d (0.1, 1 and 
10 Imgd), respectively (Table G.8). Chlorine disinfection followed ^ 
chemical dechlorination (SO2) was found to te the lowest-cost method 
(Figure 1). 

iif Auxiliary Factoif^- 

2^5,1 Total energy requirements 

The total energy requirementis fm the three methods of disin- 
fection are compared in Table 8. These values include the energy 
requirements for both off-site manufacture of necessary raw materials and 
on-site disinfectant application, but not for equipment lanufacture. 
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LABOUR COSTS (2.1%) 




MAIINTEINANCE CO'STS (2.1%) 

AMORTIZED CONTACT 
CIH AMBER COSTS 
(16.9%) 

*AiMORTiZIED 
EQUIPMIEINT 
COSTS (8.7%) 



CHLORINE 
DiSllNFIECTIQ'Ni: 




IMAINITENIAINCE COSTS (0.2%) 
& LABO'UR COSTS fO'2%) 

AMiOilRTIZlD' CO'NTACT 

CHAMBER COSTS , _ , , .... . , .. 

(^.g%^ CHLORIME ,D10':XIDe 

D'lSiNFECTIONl 

*AMO'IRT!ZED' 
EQUIPMIENT COSTS 
(3.3%) 



AMO'RTIZlEDi 

iCO'NT;act chamber 

COiSTS (TJ%)^ 



M:AWITENA,N1CE COSTS (6.3%) 




O'ZO'INE 
DlSINlFECTON 



LABOUR COSTS (5.3%i) 



+ (PERCIEIMT OF TQiTAL USE COST) 
* (INlCUUDINie ENQINEERINO) 



FIGURE 2. COMPARISON O'F COST CQiMPONENTS IN TOTAL USE-COSTS FOR 

DISINFECTION OF NITRIFIED EFFLUENT IN A tfPCP OF 45 460 
m^/d (lOi Irngd) DiESIGN CAPACITY 



m 



TABLE 8. MINIMUM TOTAL EBiERGY HQUIEED TO' DISINFECT 4546 ii3/d (1 Imgd) MUITCIPAL 
SECOiDARY EFFLUENT TO 20€iiOi TOTAL GO'LlFOll-lS PEP^ lOOi mL 



-ir r ^-;;= = r^r^Mr^ 






Type of 
Effluent 



Non-Nitrified 

Nitrified 

Denitrified 



EoerBj Req-iiirft-d C¥WhJ>'-* 



•QiEone generated from Ozone gene rated 

Chlorine Ghlorlne dioxide** atiiorspheric air from pure oxygen 



m 



750 

mo 

425 



1400' 

1000 

400' 



720 
515 
20'6 



* IncludiTig on-site and off-site energy needed to produce and apply the disinfectant. 

Energy rfequired for equipment manufacture is hoc included. 
**Baaed on the ERGO process which consumes the least energy of those available . 



Oizone and chlorine dioxide disinfection are far more energy- 
intensive than chlorine disinfection. Ozone dibinfection results in the 
highest o¥erali energy consumption and the highest on-site use of energy*: 
Electricity is required for ozone generation. Much of the energ)^ needed 
for chlorine and chlorine dioxide generation is steam and electricity 
consumed otf-site in chemical manufacturing plants. 

2.5.2 £ase of process control 

Monitoring and control of chlorine residual and dechlorination is 
done aucomatically with equipment based oo the amperometric titration 
principle. This equipment can readily be adapted to monitor residuals of 
the other two disinfectants. 

Both clilorine dioxide and ozone must be generated on-site. The 
generation rate of at least one suitable chlorine dioxide generation 
process (CIFEC Process) can be varied within the capacity of the installed 
unit to meet demand and flow fluctuations. Chlorine dloEide may also te 
generated in concentrated form and held in buffer stoirage. In contrast, 
ozone miust be used immediately to avoid decomposition, and the generation 
efficiency of commercial ozonators changes with increased air (oxygen) 
feed rate= Hence, there may be some problem in natching the ozone 
production to fluctuating demand. 

2.5.3 Operational safecy 

All three disinfectants are toxic to humans at ¥ery low 
concentrations » Threshold limit values (TL¥) for seven to eight hours 
exposure per work shift for chlorine, chloride dioxide and ozone are IjO, 
0.1 and Ooi mg/L, respecdvely |2], making adequate ventilation of the 
generation equipment crucial. Foi ozone disinf ectionj the contact chamb&r 
must be covered and provision made for safe dispersion or recyle of the 
off-gas. A well-designed o?:one disinfection system should present the 
lowest overall hazard because no on-site chemical scoirage is required for 
ozone generation, and production can be quickly terminated when leakage is 
ietected- 

Liquid chlorine must bt- stored on-site for chlorine and chlorine 
dioxide disinfection (chlorine dioxide generated by CIFEC Process). Where 
chlorine or chlorine dioxide residuals must be chem_ically removed j liquid 
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sulphur dioxide also nust be stored oin-s±te. Transportation of liquid 
chlorine and sulphur dioxide in bulk quantity poses additional hazards 
since, in the event of an accident, a large neighborhood might ha¥e to be 
evacuated. Also, due to lack of proper maintenance, small aiiourits of 
liquid chlorine frequently leak from on-site storage [3]. 

2.5,4 Maintenance of bacteriological quality during plant upsets 

Otf Che three disinfectants, ozone is the most effective for 
upgrading the ph]/slcal-chemical quality of the effluent. However, the 
dosage required for the target level of total coliform inactivation is 
significantly affected by changes in effluent quality. When upsets in the 
preceding treatment stages, especially in biological treatment, cause high 
effluent BOD5 or nitrite concentrations (>J0 mg/L and >2 iig/L, respectively), 
OEone demand may far exceed the Installed generator's capacity, resulting 
in inadequate disinfection. 

Chlorine and chlorine dioxide demand remained fairly constant 
with respect to effluent quality and a reasonable range of temperature 
variation (non-nitrified and nitrified; 10" - 20 °C), and generation and 
application equipment for both disinfectants are relatively inexpensive. 
At plants which might experience frtquent upsets, a margin of safety can 
be provided by installing oiver-sized disinfection equipment. However, if 
nitrite concentrations are extremely high (> 5 mg/L), neither chlorine 
nor chlorine dioxide would likel} be capable of maintaining the desired 
bacteriological quality. 

2 . 6 S_nmTnary 

The relative advantages and disadvantages of chlorine, chlorine 
dioxide and ozone can be summarized qualitatively as follows: 
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3 tIATEBIALS AND ffiTHOiDS 

3« ] Biief Description of the Ontario Experimental Facility 

The field study was carried out at the Ontario Experimental 
iaeillty (OiEF) in Brampton, Ontario, a conventional activated sludge 
treatment plant. It was phased out of operation in 1972 and is now usel 
If the Ministry of Envlronnent for research and operator training. 

The OEF consists of three separate treatment plants with a t:or£-a.l 
capacity of 22 JiQiO m^/d (5 Imgd). The three sections share comnon 
head works for coinninutlon and grit removal. Each section has a separate 
primary clarifierj aeration systenj secondary clarifier and sludge 
dewaterlng equipment. Two separate chlorine contact chambers are 
available . 

The raw wastewater feed to the facility is dl¥erted from a 
Sanitary trunk sewer flowing to a large municipal WPCF. As the treated 
effluent from the OEF is returned to the trunk sewer, wide flexibility In 
operating practices is possible at the plant, 

M^:M Description of O'EF Biological Treatment Processes 

3 #2*1 O'rganic carbon removal and nitrification 

Approxitnatoly 2300 m^/d (0,55 Imgd) of primary clarified 
wastewater was treated biologically in a comipletely-mixed aeration tank 
equipped ifith coarse bubble diff users. The degree of nitrification In 
the biological system was controlled by var}?ing the rate oi activated 
sludge return to maintain a desired organic loading rate (F/M ratio; kg 
BOD3 applied/kg MLVSS/day). For disinfection studies in¥olvlng 
non-nitrified effluents, the F/M ratio was 0.5, and for nitrified 
effluent, 0.2 to 0.3. Typical hydraulic retention time in the aeratleh 
tank was nine hours. Effluent temperature ranged from J 8" to 22''C In, 
summer and from 10 "■ to 12°C in winter. 

Following separation of biological solids in two parallel fl:nal 
clarlflers, the secondary effluent was distributed to the experimental 
disinfection systems. A 10-cm (4-inch) submersible pump was used to 
transfer effluent to the chlorinatlon system and a horizontal centrifugal 
pump for the oEone and chlorine dioxide systems. 



3.2.2 Denltrlflcatlon 

To assess disinfection of denitrified secondary effluents, 
primary clarified effluent was biologically treated in four consecutive 
mechanically aerated tanks for organic carbon removal and nitrification.' 
A mean hydraulic retention time of 10' hours was provided and the F/M 
ratio was maintained at 0i.2. 

Denitrification occurred m tvjo tanks in series under slow-mix, 
anoxic conditions. Uethanol was added as the carbon aource at a mean 
dosage of 35 mg/L. The mean hydraulic retention time for denitrif icatioB 
was five hours. Prior to final clarification, a seventh tank was used 
for post-aeration, and ferric chloride addition to maintain an effluent 
total phosphorus concentration of 1 mg/L or less and to assist in 
secondary clarification. 

A small horizontal centrifugal pump delivered the denitrified 
effluent to the chlorine dioxide and ozone systems. 

3 .3 Experimental Equipment and Procedures 

The program involved five experimental systems (shown 
sclieiiaticaHy in Figure 3): chlorine, chlorine dioxide and ozone 
disinfection systems, and end-of -contact residual disinfectant removal 
systems for chlorine and chlorine dioxide « The chlorine disinfection 
system was outdoors with the other systems in a well-ventilated buildiEg. 
Effluent toxicity xras evaluated in an adjacent trailer. 

3.3,1 Chlorine disinfection system 

A standard cylinder-mounted vacuum chlorinator and ¥enturl 
ejector controlled the rate of chlorine addition, monitored by one of tMO; 
gas rotameters. The smaller rotameter had a HHxlmum capacity of 22.7 
kg/d (50 lb/day), graduated in divisions of 0.9 kg/d (2 lb/day j. The 
larger rotameter had a maximum capacity of 45.4 kg/d (lOOi lb/ day J and 
was graduated In divisions of 2,27 kg/d (5 lb/day). Sixty-eighlL kilogram 
(150' lb) liquid chlorine cylinders (CIL 99.9 percent, pure grade) were 
the chlorine source. Chlorine concentrate was foriooed at the Venturl 
ejector by dissolving chlorine gas in the undis infected secondary 
effluent. A y-strainer was used to protect the ejector against fouling 
by solids. The concentrated chlorine solution was Injected into the bulk 
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FIG0I1E 3. WASTEWATER DISTRIBUTION SYSTEM SCHEIIATIC 

effluent throogh a non-proiptletary diffuser (Figure 4) at approxiTiately 
37.7 L/mln (b.3 Igpm). There was 10 seconds lag time hetween the 
preparatioD of chlorine concentrate and injection into the hulk 
effluent . 

Flo¥J rate of ijulk effluent 2 72.4 to 454 L/miii (16O1 toi lO'O Igpm) 
through the contact chamber was varied by adjusting the liquid level in a 
con St ant head tank- The flow rate was measured over a calibrated Paltier- 
Bowlua flume Installed in a 254-mm (10-lnch) diameter 3,7-ia i(i2-foot) 
long P¥C pipe (Figure 4), 

The chlorine dosage was calculated from the gaff rotameter reading 
(Iq,) and the effluent flow rate (Qgj as follows: 



JO 

Dosage (mg/LJ = _o 

The ramifications of tliis method of calculating chlorine dosage are 
discussed in Appendix A* 

A non-proprietary cyclo-mixer (Figure 4) was used for mixing 
chlorine concentrate with the bulk effluent. The cyclo-mixer was 
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FIGURE, 4. CONTACT CHAMBER FOR CHLORINE DISIMFECTION - SCHEMTIC DIAGRAM 



fabricated from a 752 mm (30' Incli) diameter by 1220' mm (48 inclh) 
polyethylene tank. The "bubble cap" in the inlddle of the mixer was used 
to maintain a liquid head oE approxiiinately 152 to 203 mm (6 to 8 inches), 
ensuring a minimuim raixing time of six seconds (Appendix B). Chlorine 
concentrate was Injected through the jet nozzle placed at the bottom of 
the mixer. Energy waa largely provided by the rapid swirl created in the 
annulus of the mixer. The chlorinated effluent was then dlstrlbiited 
across the contact chamber floor by a horizontal "slot-distributor" 
attached to the bottom of the mixer. 

The chlorine contact chamber was an over- and under-baffled 
rectangular concrete channel O.y m x 9*3 m (3 ft x 30'. 5 ft) with a floor 
slope of 0.016 m/m Lowards the discharge end (Figure 4). The height of 
the o¥er-ba£fles and the holding wall at the discharge end could he 
adjusted to two water depths^ 0.9 m (3 ft) for 15 minutes contact time, 
and 1.5 m (5 ft) for 30- and 45-iiinute contact times. The length to width 
ratio (l:w) was 10: i without the teffles and about 13:1 with taffies in 
place. 

The mixing character la tics of the chamber were tased O'n dye 
tracer studies- Details of these studies are in Appendix B with results 
summarized in Taole 9. The mixing characteristics anticipated for a 
longitudinally taffled serpentine contact chamber with a length to width 
ratio of ^-lO:! [4j are also tabulated for purposes of comparison. 

3.3.2 Cbilorint^ dioxide disinfection system 

To provide disinfection by pure chlorine dioxide, the 
acid-chlorite generation method was selected. Beginning with the second 
study period, hydrochloric acid was used in lieu of sulphuric acid to 
generate chlorine dioxide. The ratio of acid to sodium chlorite added was 
also increased from a stoichiometric ratio of 1:1.5 to 1:3, for reasons 
discussed in Appendix D. 

Twelve percent (by weight) sodium chlorite and hydrochloric acid 
solutions were prepared in separate 20i4-L (45-gailoii) polyethylene 
containers. The solutions were delivered by two synchronized positive 
displacement metering pomps into a Jb-mm by 914-13111 (3-inch diameter by 
3-fooc tall) acrylic coilumn which served as the reactor, filled with two 
sizes of glass spheres to increase surface contact area and promote 
efficient mixingo 
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TABLE 9. MIXING CHAMCTERISTICS OF CONTACT CHMIBEIS 



Ccnt-5ict Ch.n< 



L/min Cigpm) Cm mutes I 



f./t 



IP n 



t /t 
g 'n 



Morri I I I ndex CM I ) 



hlypothetica I longitudlric 
baffled serpentine 
chamber [4 J 
( lenath r w i dth = 40 ■■ 1 ) 



0'.42-0.29** 0.81-0.23** 0.18-0.24** 



1 sS 5-0*6^ 



Chllori nrf 



454,6 (100 J 
454.6 (100 I 
286,4 ( 53 I 



15 


0*29 


0.47 


1,03 


4.38 


30 


0.26 


o-^-m- 


1.05 


3.35 


45 


0.22 


0,56 


0.92 


3,44 


15 


0.40 


0.91 


i.m 


2.77 


20'' 


0»28 


0.64 


0.83 


2.60 


30 


0,27 


0.71 


0.98 


2.72 


14.5 


0.32 


a.e? 


1.10 


3.09 


12.0 


0.31 


OiS^' 


0.98 


3.01 


7.0 


0.46 


0*96 


U03 


3.87 



Ch lorf ne 



Discharae end 



I ntermedi are. 
po5 i t ions 



99.1 ( 21.8) 

126»4 ( 27,83 

99.1 ( 2K8) 

138.7 ( 30,.5) 

138.7 ( 30.5) 

138.7 ( 30.5) 



Su Iphite 



0.22 



0.7'5 



0.97 



2.85 



Ozone 



Column 1 


4.0* 


( 4.0) 


9.75 


0.17 


0.,f«. 


1.10 


4.50 




5.6* 


( 4.0) 


9.75 


0.12 


10..55 


0.98 


4.54 


CO'lumin 2 


1.0* 


( 4.0) 


9.75 


Q..23 


Q.m 


0.97 


3.07 




1 .4* 


( 4.0) 


9.75 


'Um 


n^m 


1,32 


3.75 



* Gas flow rats into coiumd (L/min)-. 

**Average liquid depths ^n the chlorine contact 'Chamber were mailntain^ at 2.75 ft for 15 ^inu"tes and 4*7:j ft for- 



30 minutes and 45 minutes contact tine* 



^'"■fneric lotur'e: Q^ - Flow rate 

Mom i n a I cent act t i m^ 

Time when first trace of dye appears (minutes) 
TitTie when paak concentration! of dye appears (minutes' 
We ! ghted average cont act t i me (ml nutR'j ) 
+fo> +90 = Tfrrte when 10 percent and 90 percent of the injec"ted dys appears (minutesi- 



■^l = 

+ 1 = 

t = 
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Chlorine, cliiorlnfc diuxide and chlorite coiiiceiitrations In the ■■ 

product solution were dfctemined b>f standard iodometric titration methods. 

For each analysis , three lO'-iiiL allq|uot& of product solutiom were used, 

taking care to prevent loss of chlorine dioxide through volatilization. 

The lU-fiiij aliquot was iiniiiediately diluted to 20iO tdL with distilled water 

and reagents required for analysis were added* Reagents and subsequent 

procedures used were the same as the standard amproimtitrlc titration method 

[5], except that 0.1 N sodium thiosulphate Wris used as titrant aad the 

titration end-point waa detected colorimetrically by methylene-blue 

powder =. Chlorine dioxide dosage was then controlled by tianually adjusting 

the flow rates of the two reacting solutions . Chlorine dioxide dosage was 

calculated tosed on the concentration of CIO12 in the concentrate (C, 

iiig/L), the concentrate flow rate (Q^^) and the bulk effluent flow rate 

(Mg) as follows: 

C X g 
c 

Dosage (rng/L) = ' (2) 

He 

Effluent flow rate into the chlorine dioxide contact chamber was 
regulated in the same manner as in the chlorine system^ The exact flow 
rate was determined by measuring the time required to fill the chamber to 
a known depth* 

Chlorine dioxide concentrate was inlxed with the bulk effluent in 
a 102-iiim diameter by 1.22 m long (4 in by 4 ft) PVC pipe- The mixture was 
then distributed across the contact chamber through a submerged vertical 
"slot distributor". 

The chlorine dioxide contact chamber was a 2.1 m x 1.2 m x 1.2 m 
(7 ft by 4 ft by 4 ft) (1 x w f d) fibreglass tank^ It was divided into 
two 0,b m {I ft) wIqo sections bv a 1 . 8 m (6 ft) long by 1.2 m (4 ft) tall 
central vertical baffle (Figure 10' • Each longitudinal secion was further 
subdivided by over- and under-baf f les . Disinfected effluent discharged 
from the contact chamber via two overflow weirs. Both the over-baffles 
and overflow weirs were adjustable In height; hence, contact time could te 
easily varied by changing either effluent flow rate or depths or both. 
Liquid depth below the under-baf f les was 30 cm (12 Inches). Depth above 
the over-baffles varied oetween 7,6 and 30 cm (3 and 12 in). In the 
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•absence of the baffles,, length-to^-wldtfi ratio in the clianiber was ?':1.» 
With tai'flfts iastalied tkm actaal mtio; was 9'i 1 to 15':.l„ depeMlpE Qn. 
i,ijqp.i;d dept'h. 

Thia iegree of tackmlxlng CMorill Index,) in the cMorinie dioxide. 
.■e%iEt».et Gkaniber ■was moiderate. CTa'ble i)'« The. ha'ckaixiBg was slightly 
hl,|,h.B,r" at mtermediate po.slt,l:o.n.s .alQUi. the .idnaiiie..r than .at the diflchaige 

The ozone eontact system co-nsis'te'd of two 2:03~iim C,:8~iii.) diame.te*^ 
.F?C columns j, 6,1 m (2§ ft5 and 5.5 n {,18 ft) in 'liel,giit5 r:eaipe-c.ti¥elf 
Cllfure .i,|* 'The coiuinn.s- ■were coHaec,t.ed in series at the hott&.ii hf .a stiO'Tt 
■piec^e of Sl-mmi (t-lmch,) di.anietB^.r ■polyethylene, pipe* Dndiainf ected 
■lef f lue^nt mam pumped thr.o:ij..ih a ■EQt.aiie.tier lTit.o the top Off" the flTiSt co.luittj, 
-at .coiastant ratie-s bet^ween 9 .and 27 L./inin {2 and 6 Igpni.) to provide nominal 
eonta.ct times of ,12^.. 5 toi 10. ■mlnateB . BiBinfe.cted .©fflttent 'wmM- ••discharged 
at. -the to^,p of -th^e .se^eond •eoi.luiin * Th.e G0.1uiifis> were eq^al/pip.ed. with .•a total, 
of ifi^x sanpling pol^fft.gi.. ■Saraple No, .3 ■was ins.talle^d te't'Sieea the mm 
c.olu:iiris In the two— inch connect ln,g; ■pipe and the last 8.fl.iipliii,i, ,:pol.nt (.lo- 
6) waS' ins;taiied underneath .a fro-t^h .c©ll,.e.e.tjo;r., ■to .a^oid. sampling 
.accu'Diula,..te.^d ,sollds which wer.e,: cDn..G^en,t:rate,d by flotation. To ..awold the 
.comp.liea'ti.ons tiivoilved in s.M.l.l-.sc:ale al^r-drylttg .aiid to. -na,xlimiz^e the total 
OMmm ■output of the gene^ratoff oi/one was proniu^ced .firoti pure OKygen In m 
tral.llgam '"llO-LAB" ozonat^or with a iiaxliiij.ii capacl^ty of I'i g, Oij/h, 
'©•z^one d0-s^a,gB.B. studijerd raaged friQii .S- to 2,5. ■mg,/'L, A.pprO':3siiiiatei,y 75 t..o W 
peroerit of the total do.sa.g)e 'ifas. iifl,j|ec't!ed into ■the hotto^ni. of .the .fixfC 
EQl,u.ni,n ■thr^Qu,ih a 64-iiii t2,5-in) dianieter dlff^u.ser counter-c^iirEent C© the. 
.llqu-ld flow.., The re:nia.lnin,g oz.oinie was ln,ji.e,cted ■into the bott.Q-ii of the 
Seccind col^uiin to gi^ve a •co-ciirreii.t flow of ,ll.'qu.l-d and ,ga,3 * The high 
■Aegrme.' •of :bac'kiiixlia„g,, lartlc^ularly In the flrs.t contact' co..ltin(n.. ■CMBrrlll 
IndfejE.,, Tah^le f) w^as due t^o tha ■hl,ghlf turbuleiit twoi-pbase. ■C§as-liq,^p,idJ'^ 
fl,o.w in the .sy^at^^e,Hi« UndlsS^Qilved 0'z:0'ne and oxy^gen were' vent^ed to. the 
ou-t.si,.dfi th.rioiu,gh a coiinnaci li;ne. with .a saiipiini; ■pslve.,. 

To.. det.erml.ne the ozotte dotBa.ge i.nj:e^ct.ed.,, ane litre, •of the. freB'h,l,f 
i^Bne.rated 03/0,2 ga..a •sample -was pasaed ■through m standard .gas wa.sh-bottliey 
Gantain..ijag, 5QQ ai of -Ewfi ;perfieiit ■pot.ftsa.iwi: i:Qdl.d.e 1115 s^olutlo^ii. Tha 
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FIGURE 6. SCHEMTIC OF OZONATION SYSTEM 



volume and flow rate of the gas leaving tbe wash-bottle were measured with 
a stop watch and wet test meter at ambient temperature and pressure,, 
O'zone concentration in the gas mixture (C,q, ) was then idetermined by 
analyzing the two percent KI solution iodometrlcally . Ozoine dosage was 
calculated as : 

,. . ,_, . C (mg/L) X Gas flow rate to contact columns (L/min) 
Dosage (mg/L) - ° _^^^^_^_ (3) 

Effluent flow rate (L/min) 

Tlie ozone concentration In the exit gas stream (Cg) was similarly 
determined. Because of the low ozone concentration, 15 L of gas collected 
at the common gas exit stream was used (Figure 6). Utilization efficiency 
(fi) in the ozone disinfection system was calculated as follows: 

E = [1 - (Cg/Co)J X 100 percent (4) 

3.3.4 Chlorine_ and chlorine dioxide residual removal systems 

Two systems were used for removing chlorine and chlorine dioixide 
end~Oif-contact residuals* A sodium sulphite solution was used in the 
dhemical removal system and two large holding tanks were used for removal 
by decay. Residual removal was only practised during the two bio-assay 
periods . 

In the cheFiical removal system; chlorine or chlorine dioxide 
disinfected effluents were fed continuously at a constant rate into a 
small contact chamber, 1.2 m (4 ft) wide by 1.1 m (3.5 ft) long. The tank 
was taffled in a manner similar to the chlorine dioxide contact chamber. 
Liquid depth was kept constant at 1,1 m (3,5 ft) for a nominal contact 
time of 30i minutes. This contact time greatly exceeded the acCual time 
required for removing chlorine _, and chlorine dioxide residuals =. The 
mixing characteristics of the chamber were defined by tcacer studies. The 
results s, in Table 9, indicated a moderate degree of fackmixing. 

Concentrated sodium sulphite solution was prepared in a 200-L 
(45-gallon) polyethylene container and delivered by a positive 
displaceffient raieteriog pump into the effluent. The sulphite dose was' 
manually adjusted to provide a residual of at least 1-2 mg/L, a level 
which was at first carefully maintained. Since sodium sulphite was foufti 
to te non-toxic to the test organism at much higher levels i[ 1 ] , the 
sulphite concentration was progressively increased to 10 mg/L. At ttie 
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higher level, the risk of chlorine or chlorine dioxide breakthrough was 
miniiiized. 

In the system used for residual removal by decay, chlorine or 
chlorine dloixide disinfected effluent was piped into a 1.7 m (5.5 tt) 
diameter by 1 . 5 m (5 ft) deep rubber-lined steel tank. The initial 
residual was meaBured and the effluent circulated sloiwly to prewent 
Bettllng of sodids and to maintain the initial dissolved oxygen level 
(5-7 mg/L of oxygen). The disinfectant residual was measured at two- to 
three-hour intervals. The effluent was delivered for Mo-assay studies 
only after the residuals were below the detection limit (< 0.02 mg/L). 
While the effluent from one tank was being used, a second identical tank 
was filled. Each hatch was used in the blo-assay test for one to two 
days . 

3»^ Schedule and Procedures for Process Control and SaMipling 

3.4.1 Process control 

In study Periods 1 and 3, all five experimental systems were mm. 
continuously for 96 hours- The sulphite systom was operated to produce m 
constant residual concentration ^ and the chlorine, chlorine dioxide and 
ozone systems were operated at a constant dosage. During other study 
periods, the three disinfection systems were operated In the daytime only. 
A constant dosage-residual level was predetermined and maintained 0¥er 
three to four hours. 

To ensure that all bacteriological data were collected under 
steady state conditions, disinf eLtanc dosages and residuals were first 
analyzed for three to four contact times. Frequent checks and ad Jus tment-i 
of dosage or residual were made as necessary tefore taking samples, and 
dosage and/or residual were imediacely reneasured after sampling. The 
levels determined were used in evaluating bactericidal efficiency of the 
d 1 sliif IB c t ant.s ,. 

3.4.2 Sampling 

Manual grab samples for chemical analysis before and after 
disinfection were taken once per day. Grab samples for tacteriologlcal 
analyses were taken two to three times daily in Periods 1 and 3, and once 
for each disinfectant dosage-residual during the other two periods. One 
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nominal contact time was usually allowed between sampling oif undlsiinfecteitf 
and disinfected effluents. 

Samples were taken at several locations as shown in Figures 4, .1 
and 6. Where a sampling valve was used, effluent was allowed to run off 
for about a minutti to purge stagnant fluido At other locations, the 
sample bottle was Immersed in effluent tefore uncappiiag. Filling and 
re-capplng were completed in the liquid stream. Standard Omtario Ministry 
of Environment (MOfi) sample bottles were used. All bottles for samples 
for bacteriological analysis contained a small amount of sodium 
thiosulphate solution to neutralize any disinfectant residual present. 

3»4.3 Sample preservation and transportation 

Samples taken in the afternoon were refrigerated at 4°iC and sent 
to the Ontario fllnistry of Health (MOM) and MOE laboratories with samples 
taken the next morning. Samples were not refrigerated during transporta'- 
tion. Bacteriological samples were analyzed immediately while samples fof 
chemical analyses were re-stored at 4"C if tests were not conducted 
immediately. 

3. 5 Analytical Mettiods 

3.5.1 Laboratory analyses 

Total coliforms, fecal coliformis, fecal streptococci and 
salnionellae were analyzed by the MOfl laboratory, while Paeudomonas 
aeruginosa , aerobic apore formers, and bulk T bacteriophage were analyzed 
by the MOE laboratories . Table lOi is a suramary of ttie various 
methodologies employed » Further details are given in Appendix C. 

BOD5, COD, TOC, NH3-N, TKi, NO2-N, NO'3-H and SS were analyzed 
by the HOE laboratories according to methods described in the I'linistry 
manual [6].. NlB3-i indicates ammonia concentration measured in mg/L 
as nitrogen^ TKN, 1402-1 and H'Oj-N also refer to concentrations 
in mg/L as nitrogen. 

3.5.2 Field analyses 

Turbidity, colour, conductivity, pH, temperature, alkalinity and' 
dlalnfectant residuals t including sulphite residuals) were analyzed om- 
•alte., according to standard methods i5]. 



TABLE 10. METHODOLOGIES FOR HiCROBIOL,0€ICAL ANALYSES" 



Organism 



Methodology* 



Media 



— ,.• - - •^— 



Total coliforin*** 



Standard membrane filter** M-E'^d» Jgar LIS (Difco) 
(Gelman GN-G filter) 



i/ecai coliform*** 



Standard membrane I'll ter'^^^'^ :-l-FC broth (Difco) witi 

0.8% agar (Oxold No, 4) 



: - - - 



Fecal streptococcus Standard membrane filter 



KF Streptococcus agar 



Total heterotrophic 
bacteria 



§p:§ad plate 



Foot and Taylor agar 
containing 0«5 yg/L 
peptone and J. 00 ug/L 
aci:idione 



Pseudoroonas 
aeruginosa 



Standard nenibrane filter 



M-PA 



Aer'o.bi'c Spore 

Foriners 



Sr.iple heated to 70 °C and 
cc'i'ied before plating 



Nutrient agar 



5-almonellae 



Presence/absence confirmed Tetrathionate broth with 
with polyvalent-0 antiserum brilliant green. 



by slide agglutination 
after biochemical typing 
from selective media 



(Details of selective 
media and biochemical 
typing in Appendix C) 



Bulk T 
bacteriophai 



enumeration and 
ID50 method 



# Refer to Appendix C for further details of the microbiological procedures # 
** Total and fecal coliform counts obtainable by membrane filter and MPN 

enumeration methods in chlorine ap^ Q^one disinfected effluents are 

compared in Table C«l« 
***Bacterial recovery from different dispersal methods are com_pared in 

Table Ce2o, 
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Tine standard amperometric titration meLhod was used for clhe 
analysis oif chlorine, chlorine dioixide and ozone residual. rSulphite 
residual was analyzed ampenometrically by tack titrating the excess 
phenylarsene oxide solution (PAO) added with standardized iodine solution,.,, 
II standard Wallace and Tiernan amperometric titrator was used for 
end-point detection in analyzing ozone residual. Chlorine and chlorine 
dioxide residuals were analyzed with a LUS. Environmental Protection 
Agency (EPA) Cincinnati Laboratory raodlfied amperometric titrator. A 5.64 
X 10""^ Nl PAD solution (supplied by Wallace and Tiernao in stock solution) 
was added by means of a serological pipette with Oi«0'l mL graduations. Tha 
lowest detectable limit was observed to te 0.01 mg/L and accuracy was 
estimated to be + OlOZ iig/L = 

Two 200-iiL aliquots were" usei for separate afialyslS' of wo^tm'^ 
ctiloramine and total available chlorine rEslduals* Three 200-niL .aliquots 
were used at first for analyses of chlorine,, chlorime dioxide:,, ,a,nd 
chlorite concentrations in chlorine .dio-xlde disinfected effluenr. Later 
only the chlorine dioxide residual wa,s ,a]iialy,ze.d teeause chlorine waS: neve*- 
detected at three minutes or longer coetact tliie.j, and significant 
interference was encountered in the, ana,lysts -of cklO'rit,e concept rat tofl* 

3. 6 Routine Maintenance 

Routine maintenance lEcluded ,ehanglng chloitlne and oixygen 
cylinders, and preparing chlorite,,, ,a,cld and sulphite solutlo,.ns. ■'&,© 
contact chambers were periodically flushed and cl.earied:ii Rotometers were, 
cleaned more frequently. The ch,lorine and su,lphite systeiis were very 
simple and there were no operational problems. D.l,f f leu 1 ties .encounteried 
in the other two systems are given in Appendix 0* 

3. 7 Approach to Data Analys.l,s 

3*7.1 Assessm^ent and upgrading ,of jhysical-ttheiflicacl effluCtrt,, qttaltty 

A variety .of pbyfi:l,Gal-etieiilc,al paraiiiete,:r,s were; moinltored , „Fo'r 
data analysis, the eif fluents were classified as non-nitrified,, nitriflei 
and denitrified oe the tasis of Che relative ammonia and nitrate-nltrog.eni, 
concentrations = Physical-chemical concentration data were sunmiarizBd ,in 
geometric means, as long-term variations in effluent quality are tetter 
represented by log-normal distributions [7], 
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U pgrading st* mf. t ij s e mi qua 1 i t y af t e r d i s inf e c t Ion , de no t ed b^f 
measurable reductions in Lho ph.ys:cal-cb.efiiical parameters rtonitored j l!ja# 
^aluated by one uf two simple non-parametric tests, the Wilcoxon mateh^ 

pair m ^fe rfp^^^^ ^^^ 

3'#7«f fi/aluation of t-aeterieidal efficiency 

Bacterial densities in undisinfected effluents varied widely^ 
due to changes in effluent qualityj seasonal temperature variations and 
other factors. To perioit meaningful comparisons tetweaa^ disinfectants 
and tetween a gpecific disinfectant in different typef' of effluent, the 
logarithm ntean survival ratios of total coli forms (LOG; W,^^JTC^) were 
Spf«i-la|f4 to dlsinfeetdfit ^gage and residual at ^va'rfwttS contact times 
for total coliform Inactivation tetween 90' and 99.9 percent « 

To develop use-cost data on a uniform and practical teisis, a 
mm-^ total colifornl survival den^AtJ -ftl. i.flOO counts per 100 mL was 
defined as the primary crlt^^M ^^ ai'*q«ate disinfection. InacClvdtlOn 
.Q^C fe.e,a3^ ftoliforms ^^ also Sttitflei during chlorine and chlorine dioxide 
disinfection, with a target level of 200 counts per 100 pL* 

Inactivation of other selected organifai ^-eiip-S includiwg feesl 
streptococci^ Pseudomonag aeruginosa , aerobic sperfe formers and bulk W 
bacteriopha^ ^S ^^#1' St#iAfi* %l*C*lf effectiveness of the three 
dlsinfectan-^ ^^ i^^^^^tf. W the mfean sotvival densities of these 
arganisms at a n^an total coliform survival density of 2000 counts per 
100 mL. In the mM& ^ :»lmsimlla% B*X'¥l¥ai i.rfi%ae.ttc^ was jffiaeaj&4 
um,m tM BT^SA^wfeftsente test» 

3#7,3 Determination of use^cost 

®j$( Contact times, dosages and residuals for each disinfectant 
required to achieve adequate disinfection tased on the results of this 
study were used to project use"C0'Sts. Unit costs of chemicals , equlpm^^ 
^d contact systems were teised on technical literature and manufacturer's 
information. Capital, operatii^ p^ W^ i^tt^^fc were developed from 
these data in conjunction with estimates of labour, raaintet^^^j, utilities 
and amortization costs » 
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3 :. 7 * 4 Ewaluarloa O'f toxicity of dlsinfectBd eff .luenta 

The rei,atlve tO'Silclty to aquatic life of the dlBlnfected 
eff loent.s. was as^sesaed by- cQ'mparl'ftg the perce'nt 9 6 -hour' LGjqi, value 
deteriilBed foir each disinfectant. ■Thefie values •ife.re Oibtalned In fi^houi' 
O'D-llne Mo-assa.y atmiles cO'nducted In pa:rallfil with the.- dislnfiBctloa 
s^tudies. Juvenile, rainbow tromt Wiere the test- o^ri,.aii,lsni:ia.. The te.rii 
"percent ■96-hp.ur LCjq, value" is defined as the percent by voluine of 
dlslnf'ecied e:ffluen,t in, a unit voiluiie of test ■saiutian which is lethal t© 
50' percent of the test attbji.ect ower a 9'6-hou'r perlO'd. The toxicity of 
effluents in which the chloriii© or chlorine dioxide res.lduals^ had been 
reiio.vBd by chemical, addi,t±'0(ii^ CsQiinHi ..sulphite) 'qt physical idacmy wa.s: alaa 
BvaXHated. 

Deta.tl.6d proicednrefi. used in the eva.l.oatlo.n of dl-sinf ectei 
.affluftiit taM.iclty are pEO'Vided. In. the. companlofl .report [IJ* 
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4 CHLORINE DISINFECTION 

4. 1 Introdtictloti 

Chlorine was evaluated as a disinfectant on iiOii -nit rifled and 
■nitrified secondary effluents during two separate periods, as shown in 
Table U 

4.2 Physical-Chemical Quality of Non-litrif ied and Nitrified 
Secondary Effluents 

The physical-chemical qualities of the two effluents are 
summarized in Table 11* Suspended solids (,SS) and BOD5 in toth 
effluents were much lower than in conventional secondary effluents 
(Ontario secondary treatment objectives are 15 mg/L fo^r each parameter). 
The low ¥alues are believed a consequence of the low intake suction of 
the pump used to distribute effluent to the chlorine disinfection 
systeia* Chemical addition for phosphorus ^^^^^1 was not practised; as a 
result, phosphorus levels in both wastewaters were higher than is typical 
in O'ntario (Ontario objective is 1^0 mg/L for total phosphorus). Quality 
of the two effluents was compared. At the 95 percent confidence level, 
student-t test results showed that: 

'^ COD and total phosphorus concent rat l-^^; ^m '^R .^me in both - 
effluent!? 

- concentrations of SS , 1005, TKN, NH3-N, NO2-N, pH and alkalinity 
•*ere lower In the nitrified effluent; 

- cohc,entration.5 of NO3-N were higher in the nitrified effluent. 

Due to difference in season (winter versus suimer), effluent 
tempefature was higher in the second period when nitrified effluent was 
teing disinfected « 

4.3 Upgrading of Effluent Quality Accompanying Chlorine Disinfection 
^^teentratio^n changes in physical-chemical parameters accompanying 

chlorine disinfection were examined with respect to dependence on 
chlorine dosage. For many parameters j changes varied randomly tetween 
positive (upgraded) and negative (downgraded) values. 

At the 95 percent confidence interval, Wilcoxon ^ired test 
results showed that: 
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TABLE 11.,, PHYSICAL-CHEMICAL QiUALITY QV SECONDARY EfFLUEHTS PMIOJR TO' CHLOIINE DISINFECT I O'i 
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Temp 




T'urlbi dlii di ff 


Alllkai i n i°fy 






.: c 


OOID 


TOC 


BDD'g, 


'TKN 


NHIj-W 


MO'2-N 


NI'Oj-IN 


P 


CO 


pH 


(JTUI)' 


Cas Cs'OO'j) 




Range 


J-21 


as-w 


- 


2.5-24 


13-27 


1 1 -22 


0.012-2.0 


0,2 =-8. 8 


2.2-8.0' 


1'Q-24 


- 


iw* 


* 




Geometr i c ,'nwa-n( 


?'■ 


«■ 


•■m. 


f> 


ie.2 


15.2 


01.23 


1.2 


4.3 


11.8 


liJ 


._ 


225 


+- c 


Coefficient of 


1 .6 


1 ,J 


'm 


u 


1.2 


h2 


3.1 


3.7- 


1.3 


1,T 


1 .02 


■„.: 


■; 
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2-9 


34-87 


8-22 


2.2-8.5 


1.6-15 


01,1-14 


0.0' 4= 1.9 


0,2=19 


3=2-14 


19-1 8/5 


6»g'-7.3 


1-1-4.0 


99-145 


tMI C 4- 


Geometric uman 


5 


44 


17 


4.5 


4.2 


1«6 


0'.5 


6.4 


4.8 


18 


7.1 


2.6 


122 '1 


O — 3 


Coeffictetiit of 


1.6 


1.2 


1.3 


1.5 


K9 


4.5 


3.2 


3,9 


1 ** 


iS 


1.02 


:i.3 


U2 


Peri 
Eff 1 
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AIM values repoirted in mg/iL unless c+herwise stated. 
*Ratio of the standard error of the logari tnmiic comcemtf a+i 



OnS Or 

Ll'O 



-1 I ( log K - log 



xl^l 



tO' the gecmetiric nreaTn. 



iiiiHiid^iUBakiiifi^U 



- reductions in BOD5 and NO2-N occurred in both effluenti| 

- alkalinity was reduced in non-nitrified effluents; 

■« § Si**t^lcally significant increase in COD occurred in 
non-nitrified effluent* 

Most of these changes m«IS fmall in terms ^ »»eetitration 
(mg/L) although some percentage ted'tictions were large* A significant 
correlation tetween these changes_ m4, t^ ^lorine do^s age /residual could 
not ^ ettftteished. The maximuiii anl ^^«p (absolute, and percentage) 
i^p^pg STB recorded in Table 12. 

^■*ft Chlorine Dosage and Demand 

Chlorine demand was define-| •■,;§§■ the difference tetween chlorine 
dosage and total available chlorine residual. The chlorine dosa^' ^m 
calculated tased on the quantity of chlorine gas fed from th« 
chlorinator* The consequences of this method are described in Appendix 
A. 1.1. 

^to arithmetic irean and standard deviation of the chlorine 
demand in both effluents are tabulated In Appendix E, Table E.l, with 
respect ^ psntact time and mean chlorine dosage^ Percent variation in 
demand at each dosage was relatively large in non-nitrified effluent 
Indicating a high fluctuation in demand. In contrast, demand was fairly 
consistent in nitrified effluent « 

Mean values of demand in both effluents are plotted against 
dosage in Figure 7, The distribution ,^ fcta points is such th€fp 
regardless of effluent quality and contact time, they can be- 
statistically fitted % ,^. single straight line (E (1), Appendix E , Table 
E.2}. (All curves were fitted by a direct or modified Linear Regression 
technique unless otherwise stated. Resulting equations are tabulated in 
Appendix E, Table E.2. Only the equation number will te referred to in 
the text*) The i^fp implies that for the conditions studied, more than 
85 percent of the applied dosage wai- ■^■feumed before discharge. 

^ * 5 Bacteriological Quality of Undisinfected Non-Nitrified and 

't^itrified Effluents 

Total coliform and fecal colifarip. densities (counts per TOO mL) 
In the undisinfected effluents are sunnriafl-^ed in Table 13. Densities of 
both organism, groups were lower In the non-nitrified effluent than in the 
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■'mi'LE 12'. CMIGIS IM' IFFLillT mfi'ljCAL-iCHEMICAL. 'QttALITf .AQDiMlAifllG ifflLOiRIHl .DISllFlCTlOl 









1 COD 


iODj 


1©2'^'S' 


Alkalinity '^^ 
Cas Ca'G03) 


' 


Maxlmiim 


reduce io'n In concent iration (mg/L) 


15 


13 


0.3 


20 


•.Hi 


Maximum 


percent reductiO'E 


21 


67 


67 


10 


MHI 

•H 

^1 Nl 4J 


Maximum 


increase in cOincentration (mg/L) 


26 


4 


O.O14 


1 ■ 


4-11 B 

13 -HI nj 

o a a 

•H 1 M 
^ C 'M-i 
lOJ O 'M-l 

PMi fc W 


Maximum 

Average 
Average 


percent increase 

reduction in concentratiO'n (mg/L) 
percent reduction 


1 

-46* 
-14* 


m 

3 
12 


50 

fit.- 04 
10 


-- 


Maxlmuii 


reduction in concentration (mg/L) 


'— 


r^ 


2 


!--. 


1 


Maximuii 


percent reduction 


-~ 


80 


96 


m 


CM iJi *Ji 

•HI d 
•O MHI iJi 


Maxlmiim 


increase in concentration (mg/L) • 


^- 


4 


1 


.„ ; 


O' -HI 3 
•iH U ^1 

iflj -HI <*-! 

ft S W 


Maximuni 
A¥erage 


perceiit increase 

reduction In cO'ttCientration (mg/t} 




57 
1 


39 
O1.3 


t 




Average 


percent re due tl 00 




29 


44 


,^,: 



*A negative value Impllei an Increase In concent ratiO'ii after disinfectioin.., 



TABLE 13* BACTERIOLOGICAL QUALITY OF SECONDARY EFFLUENTS PRIOR TO CHLORINE DISINFECTl^ 



' "r -7- -__ -—_ ' 



Geometric Coefficient Number Range of Density Distributed 
Indicator 'Organism Mean Density of of at + One Standard Deviation** 

Group (Couats per 100 mL) Variation* Samples (Counts ^r 100 ml^' 






$-1 d m 

'^ ^ M 



Total coiifo'rm 
Fecal coliform 



3^3 M 10*' 
6.4 X lO"' 



5»13 

6.72 



78 
77 



1.9 X 10*' - 5.1 X 105 
9.5 X 102 - 4.3 X 10^ 



^-.•~ '- ' ^ _r_ 



•H C 

■TO UHI OJ 

O -HI 3 

•H U M 

J-l +J M-ll 

QJ -H M^ 

ifc ^ M 



Total coliform 


3.5 /. 10-' 


2»50 


87 


Fecal coliform 


K3 X 10* 


2.65 


87 



1.4 X 105 - 8.7 X 10^ 
4.9 ,m 103 - 3.4 X 10'^ 



* Based on geometric mean and standard erroT of the logarithmic ¥alues. See Table 11. 
**Range calculated by multiplying and dividing the geometric neao by the corresponding coefficient 
of variation. 
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1.0' 12. 14. 1fii 

;CMJLo«iNE. QQaAefi: Oma/a 

riGU'lE 7'. CHLO'lIIE BiMAHBi II IQ1-N1T,RIFIED. ,Ai.D ,1I:TII,FI11 IFFLUIITS- 

fl;ltTlfl€:d, despite the, fact that sufi'pe.iiie4 aolld.s were gllghtly lilg:'h.e.r 
|,TatlG 11) and that, nitrified effluent re.ee.ive.d. mOTM eicte,n:Bi'¥'e bioiliaigifia.l 
t.r.eatiient . The ,lowe.r oirfan,l,sm ieBsit,ies In non-Tiltrifiedl :e:f fluent. atiB< 
thoiugh.t to to at le.ia'it 'partly dii.e 'to the' loiwe.'r- winter teii,:pe:ratm.'re's,-,,, 
esfiec-ially In le&riiary* C'The iensitieS' of tO'ta.l coil.lform,s In undiisinf ectei. 
■■■■n.o,'ii-nitrlf led .effluent .can. be stifc-divlded In twoi groups* .Diata collecteid In 
Febriuiarf {It cou'tttB) .fibaw- a .geQffletr,ic fliean., of 2'.. 2 m ,10'^ ti0.t.al collf Oiriis. per 
IQiO iiL, and .a coe„f f lcie..nt of va,'r'l.at,ic3'n of 2,. 5t. •Bata collected be'twee'H 
March and Ma'y {56 counts) show a geoijietric me.a'tt of ,1.8 x W- tota.l c,ol.i'f'0'.ni!.s; 
per lO'Ot m-L,. and a coefficient of variation of 4*'290'.r. High OTgmn:l,aii 
densities, were forQiid In, non-nitrified effluent dttrijlf chlociiae dioxide 
disinfection studies in summer (Section 5). 



4.6 



Effect of Chlorine Dosage on Total Co;lifptflit. ,a,.n:d Bftcfll .Calif ogfti. 
Reductions 



4 . 6 « 1 Mon-nltrlfied effluent (Period 1) 

In Period 1, each run of the study was continuously operated for 
.a, week at a fixed dosage and contact time to simulate flow-proportional 
.eout.:r.o.,l » As a result, there x-jas insufficient dosage variation for 
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plotting logarithm total coliform anf fe#al coliform survival ratios 
versus chlorine dosage at the three confea^t times studiei. Bactericidal 
effect iveaes-S af chlorine was studied bf ■pl«tti"^ ^p Id'garithni total 
■eallforni '&tii logarithin fecal coliform sliri/lval detisi'fies, at various 
^^p.ges and cO'ntact times on percent ^tfl^ability graph papers (Figures E« 1 
to 1.6) since data points correspondlTig- ^ some particular dosages were 
not normally distributed. All curves were fitted by hand« §iarvival 
ififi'sities of total and fecal coliforms at 50 percent and 85' percent 
probability are presented in Table 14 with the correspoBding nie_an ri-,-idu.a i, 
and mean densities tefore disinfection. Inconsistent tectericidal 
efficiencies produced by constant dosage and contact time over '96-hOurs 
are demonstrate ^ the large standas^' 'ifeviations of chlorine residual in 
Table 14. 

To neet the criterion of adequate disinfection tesed on totdl 
coliform survival density, chlorine dosages of slightly higher than 6«5 
.fng/L for 15 minutes contact time,, and 5 mg/L for 30 minutes and 45 minutes 
contact time had to te applied under the conditions studied in Period 1 
(Figures E^l to E.3). To achieve the target level tased on fecal coliform 
survival density, chlorine dosages tetween four and six mg/L were required 
for C3p.feft^§t times between 15 to 45 minutes (Figures E,4 to E,6). 

4»'fe-2 Nitrified effluent (Period 2) 

The raw data summarizing the reductions in total and fecal 
'Boliform connts at various levels of chlorine dosage applied to nitrified 
effluent are given in Appendix E, Table E,3. Mean residuals and their 
lariat i^« ^. ^^ present^ 

The logarithm nean survival ratios of total coliforms and fecal 
aolifori^ ^fe plotted against mean chlorine dosage in Figures B and 9^ 
respectively. The twO' figures show a substantial amount of scatter; 
■^W^^^pent ly , the advantages of la^^r . intact times are not apparent. 
However, there is a high degr^ ^'correlation (E (2) and E (3), Appendix 
E, Table E.2), between the logarithm mean total coliform survival ratio 
and chlorine dosage, and tetween the logarithm mean fecal coliform 
Survival ratio and chlorine dosa^^t 

figure 8 indicates that, for contact times tetween 15 and 45 
minutes, target level for total coliform (log TC.j,/TCy = 2. 34| "'^p. , attained 
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Cointact Nliumber Residual* TC^** 10,^ *** Log Mean FCu** IFC|p*** Log Mean 

Tiimie Dosage of Cmgi/IL ) (per 100 mL) fper lOOi ralLI TC^ (per IIOiQi milL) Cper 100 imL) FC,. 

(mini.) Cmgi/L) Data X S x' S X| Xj T^ X" S' X| Xj F^ 

15 S»i 9 0i.31 0.25 8.0 x 10^ 3,07 1L5 x llOi'^ 8 = 9 :< 10* -0.727 9.0 k 10^ 2.29 7.9 x IIQi^ 1,7 k 10'^ -1.05 

15 §:AJ%*5 15 01.97 01.54 2.9 x 10^ 2.92 KO x lIQi^ 8.4 k 10^ -1.46 2.2 x lo' 2,70 5,5 x lO'' 1 . 4 x 1 O^^ -1.59 

10 3.1 10 01.73 0.4B 5. 1 x 10^ 3.65 4.0 x lO'^ 3.2 x 10' -2,11 6,1 x 1 Oi^ 3.47 1.0 k }0^ 3. 8 m 10^ -2.267 

30 4,1 8 0.51 0'.36 l.i X 10* 1.64 2.7 k lO'^ 7.9 x lOi^ -0i.77 6.3 x lOi^ 1.64 1_.3 x lO'^ 2. 5 x 10^ -0.69 

30 5..3 10 1.85 0.49 1.B x lO'^ 4.59 1.0 x 10^ 8.5 x 10^' -4.0 1-9 k 1 Qi* 4.64 1.0 x lO^ 4. 5 x 10^' -3.28 

30' 1...T 8 1.36 1.79 1,5 x lO-'^ 2.27 4.0 x 10^ 3.2 m 10- -2.94 9.2 x lO^' §.23 1.0 x 10^ U 4 n l.o'" -2.t6 

45 4.1 a :Q..47 QuJi, 4.6.x: I'O'S ,2.96 1.8 x ID^ ,2.5 x 10* -3,41 II ..6 m W* 14,02 I -.8 x 10 '' .2,,, .5 x 1 ©^ -2,95. 

45 8.0 I 2.52 2.J02 a,l x 1# 2*56 f.Qi x 1Q1' 4..'0i m 1# -4.96 5.3x1.0* l..i? 1,0 x. 10 ^ * .-1*71 

* %f. S = Arii'tftmB+'iG iroan and stand.oird itovlat.to'n. 

"** i* , S' = momsfp'ic. nean .and coef f lc.li«n+ ol Wip'iatloini frSeo Table 'Si')*. 

***X:|j .Xg ■ IDens.l + tes .at 50;| .and SS$ freqw.n-.cy diis.'1r'f.h.iuttoni„, rei.|p#ct r¥©lhy,, 

TCy,, ,FCy » Diensitlei. ©f -total 'ooil I f ©rim md ffca.il ■oaJII form prior toi dlsi infection, r«pectlvp.||;.. 

Wf, IFCp -: lens ft I OS of Itotil .eo I It oriii mi l&cal colltonra Mteir di. a I infect lorn,, irw pwct I va I f* 



'^. it chloTlne dosage O'f 7.7 mg/L^ Comparing Figures 8 and 9, the target 
level for fecal coliform reduction (log FC^/FC^ = 1.81) was attained at 
much lower dosage (1*4 mg/L). 

Dosages required to attain other selected values of the logarithn 
survival ratios of total and fecal coliforiis were extrapolated from 
Figures 8 and 9, and are presented in Tables 15 and 16. 

The higher dosage (7,7 mg/L versus 5 mg/L) required for adequate 
disinfection in nitrified effluent compared to non-nitrified effluent was 
probably due to l^er coliform densities in the undisinf ected non-nitrified 
effluent, studied in winter time. If coliform densities in both 
undisinf ected effluents were similar, slightly higher dosage would te 
fcxpected in non-nitrified effluent because of its poorer physical-chemical 
quality . 

4*7 Effect of End-of-Contact Chlorine Residual on Total and Fecal 
Coliform Reductions 

4,7.1 Ion-nitrified effluent 

Total coliform and fecal coliform reductions in non-Eltrif led 
effluent were grouped with respect to various levels of chlorine 
residual* These data are provided in Appendix E, Table E«4. Standard 
deviations in survival densities of both coliform groups calculated at 
each residual studied were smaller than those calculated with respect ^ 
dosage. In many instaiices,, variations in coliform densities were smaller 
after disinfection than before. Table E.4 also Illustrates that even at 
low chlorine residuals, fecal collfoms were consistently reduced to 100 
counts/100' mL. The lowest fecal coliform count set up for this study was 
10/100 mL. To achieve the target level, chlorine residuals needed were 
approximately 0.75 mg/L after 15 minutes^ 0,3 to 0.6 mg/L after 30 
minutes, and 0.2 mg/L after 45 minutes contact time. 

The logarithm mean survival ratio of total coliforms in 
non-nitrified effluent is plotted against mean chlorine residual in 
Figure 10. This figure demonstrates that the chlorine residual required 
for equal logarithm xKan survival ratios of total collfoms decreases with 
Increasing contact time. Data corresponding to the three contact times 
were separately fitted (E (4) to E (7), Appendix E, Table E.2). Data 
corresponding to 45 minutes contact time were fitted by two straight lines 
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TABLE 15, CHLORINE DOSAGE REi^^UlRED TO ACHIEVE SELECTED LOG TuTAL COLIFOM' 
SURVIVAL MHOS 



Wean Mean Toial Chlorine Resultant Mean 

Log Total Percent Tutal Coliform Dosage Fecal Coliforiri 

Coliforra Survival Coliform Survival Density Required Survival Density 

Ratio* Reduction (counts/lOO mL) (rog/L) (count.s/i.00 mL)' 



-2 "^9 3,5 X lU-^ 5,S 5.1 x 10^ 

-2.24 99.43 2 ^ X0 t.l 4.1xl0l 

'**S #§.9 3,5 X raS 12. 2.2 X lOl 



Nicriiieci effluent: l'J~^ 30- or ■'^S-ininutes contact time 

^Geometric mean densities of total coliforra and fecal coliform in undisinf ected 
nitrified effluent were 3.5 x 10^7100 mL and 1.3 x iC^/lOO m.L, rGspectively . 



TABLE 16. CflLORi:\!E DOSAGE REQUIRED TO ACHIEVE SELECTED LOG FECAL C0LIF0KI4 
SURVIVAL MTIOS 



Sleari' Mean Fecal "Chlorine Resultant Mean 

Log Fecal Percent Fecal Coliform -Dosage Total Coliforra 

ColiforiT] Survival Colitorrri Survival Density Sequired Survival Density 

Ratio* Reduction (counts/100 mL) (mg/L} (counts/100 mL) 



-* 1*81 98.46 '2.&' z. m^ lA :4.4 x 10^ 

^ i tivK 1,3 X 102 2.3 2,2 x 10"^ 



jNitrified effluent; I::;-, 30- or 4:}-minute contact time. 

^Geometric mean densities of total coliform. and fecal coliform in undisinf ected 
nitrified effluent were 3.5 z 10-/J00 mL and 1*3 x lO'^/lOO mLj respectively* 
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END- OF-CONTACT CHLORINE RESIDUAL (mg/L) 

FIGURE 10, ¥ARiATION OF LOG (TOTAL COLIFOR>I SURflVAL RATIO) WITH 

END-OF -CONTACT CHLORINE MSIDUAL IN iON-MlTRIFIED EFFLUENT 

Instead of a curve. To achieve adequate disinfection defined In terms of 
tO'tal coliforms, chlorine residuals required were 2.2 mg/L after 15 mlnuLas, 
IsO mg/L after 30 minutes and 0,1 mg/L after 45 minutes contact time. 

4;7.2 Mtrlfied efflu-ent Cgfetio.d 2) 

Densities of total and fecal coliforms befoTe and after disinfec- 
tion, and their survival ratiO'S in nitrified effluent were grouped with 
respect to various levels of chlorine residual. The mean values of these 
idata are given in Appendix E,^ Table E.5. The logarithm mean survival 
ratios of total and fecal coliforms are plotted against residuals in 
Figures 11 and 12. There is no observable difference tetween the response 
of the logarithm mean survival ratio of total codlforms and residuals 
(Figure 11 ) at 30 and 45 minutes contact time. Wo significant 
correlation was found for data collected at 15 minutes contact time; 
hence, no line is plotted^ To achieve adequate disinfection, defined In 
terms of total coliforms, the required chlorine residuals were 1.5 Mg/L 
after 15 rainutes and approxlinately 1.0 mg/L after 30 and 45 minutes 
co-ntact time (Figure 11) « 
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Tha correlation coefficients for the curves fitted in Figures ll 
and 12 are higher than those in Figures 8 and 9» This implies that 
chlorine residual is a better control parameter than chlorine dosage* 

4. 8 Ef f ecitl¥eness of Chlorine on Other Selected Organism G romps 
Inactl¥ation oif fecal streptococci, Pseudomonas aerufilnoBa , 
aerobic spore formers, bulk T bacteriophage and salmonellae was also 
iionltored. 

Densities of these selected organisms in the two undislnf ected 
effluents are summarized in Appendix E, Table E.6. Sur¥l¥al densities of 
fecal streptococci, Pseudomonas aeruRJiniosa and aerobic spore fomers were 
grouped with respect to ranges of total coliform sur¥i¥al densities, in 
non-nitrified and nitrified effluents, respectively, but without regard 
for disinfection conditions (i»e«, chlorine dosage and contact time). 
These data are shown in Appendix 1^ Table E.7. 

No significant reduction in aerobic spore formers was attained 
in either effluent. The logarithm SLir¥ival densities (coiunts/lUOi mL) of 
the other two organism groups are plotted against total coliform survival 
density in Figure 13» This figure shows that: 

- Inactlvation of fecal streptococci by chlorine was mo^re 
effective in nitrified than in non-nitrified effluent (1 (10) 
and E (11) ^ Appendix E „ Table E=2); the respective sur¥ival 
densities of fecal streptocoiccl , at 20'00 total coliform 
counts/ 100 mL were 60/100' mL and 6O1O/IOO mL. 

- Chlorine was effective on Pseudomonas aeruginosa in both 
effluents. At a total coliform survival density equal tO' 'SOOiO 
counts/ 100 rah, Pseudomonas aeruginosa was reduced to less' tham 
20/100 mL in non-nitrified effluent and 10/100 mL In nitrified 
ef f lufint*: 

During study Periods 1 and 2, interference was experleiiced in the 
analysis of hacteriophage by the MPN miethod, so the ID51Q technique was 
used (Appendix C ) ., 105,0 results cannot be readily converted into 
counts/ 100 iiiL as enumerated by fSF methods. Hence 5 effectiveness of 
chlorine for phage inactivation was e¥aluated on survival density of 
phage, and percent reduction with respect to contact time,, total available. 
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FIGURE 13. VAtlATlOl OF lOG (FECAL STREPTOCOCCI SURVIVM D'ENSITY) ABD 
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COLIFOBM SUR¥I¥AL DEISITY)" II NOI-IITIIFIED AW IITIIFIED 
EFFLUENTS AFTER ClttORIHE DTSINFECTIOM 
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ehlQrlfie' residual and the lagarlthii mgan su'rvl¥al ra^tl'as of tDftal 
codif'orms In, e&ck effluient CAppendlx 1, lablesi l,,iA and i„,SB'|« 

Ifi non-nlt rifled efflue'iits there ■ira!:s np silgaificant phag©. 
inactlvatiO'.ii ■{■maxiimuni rmductlon 85.4 pexcemt | ,, Ef fejctlveness was 
iia:rl;Mlf liipraveji,. In nitrified effluent, Tliis could M Am toi Improvei 
effluent quElltyj Increase in effluent t.eaip€::]tmtiiriB Cfroii, lO'''' = M-'^'C ta 
iS"" - .ZO'^'C^}., or ■other factpTs* For ichlorlne to Iniictlvata: tacterlophage. 
ef fective.lf , a Mniiiiii coiita'Ct time, of 3Q' .mlHutes and a lehlarloe EesMuaE 
of G'» 5 ii:g:/TL, were nefi'ded. fioTriespondlnf elimination of total oollforia ■waj; 
■■between. 91 7. 12 aad 9'9."9S pf&rcent. 

All live samples of ufidlsinfected aitrlfled effluent analyzed 
during the chlorine disinfection study showed positive reco¥ery of 
salmonella. In contrast, after 30 minutes with chlorine, there was none. 
Corresponding mean survival density of total collforms was 1,3 x 10~^/10€i mL 
with a coefficient of variation of 2.13, Chlorine dosage ranged from 
3^47 Co 18«1 mg/1,3 and the residual from 1.36 to 4.22 mg/L. 

The riiiinimum residual (ls36 mg/L) was higher than necessary (1.0 
mg/L) to achieve the tat get level of total collfoms for adequate 
disinfection in this study (Section 4.7^2). Further tests , therefore, 
are required to evaluate salmonellae Inactlvation. 

4.9 Smnmiary of Chlorine Disinfection Results 

The most important findings of the chlorine disinfection studiei 
were: 

a) Under the conditions in Periods 1 and 2, 15 minutes contact time 
at a chlorine dosage of 7 to H mg/L was determined to be the 
niinimum requirement for adequate disinfection in both nitrified 
and noTi-nitrif led effluents. (Adequate disinfection defined as 
mean total coliform survival densities of 20iOtO per 10"0 mL and 
ranging from fOOO to 4000' counts per 100' mL), 

■;b,| To achieve the target level aet for fecal collfoms (survival 
densities of 200i counts/100' miL and ranging from 100' to 40iO 
counts/mL) chlorine dosages between 4-6 mg/L and 1.4 mg/L were 
required in nan-nicrlf led and nitrified effluents, respectively. 

e| Chlorine residuals required for adequate disinfection varied 
with contact time and were different in Periods i and 2. 
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'■-In non-nitrified effluent (winter months) residuals of 2^«2', 

I9O and 0.2 mg/L were required after IS^ 30 and 45 minutes 

contact time, respecti¥ely . 
- In nitrified effluent (summer months) residuals required were 

1,5 mg/L after 15 minutes, and l.Qi mg/L after 30i and 45 minutes 

contact time. 

d) Chlorine was effective in inactivating Pseudomonas aeruginO'Sa , 
and fecal strepococci. No significant reduction of aerobic 
spore formers occurred. 

e) No significant bacteriophage reduction was obtained in the 
non-nitrified effluent studied in winter (10'' - 14°'C)e In 
nitrified effluent (at IS^'C) significant reduction was attained 
with total a¥ailable chlorine residuals of at least 0*5 mg/L 
measured after 30 to 45 minutes contact time. 

f) No salmonellae were recoYered after chlorinatlon. Ilo'wever , the 
minimum chlorine residual in the five samples (1.4 mg/L) was 
higher than nec-es-sarj (1*0 Jiig/L) to attain adequate 
dislnfectloni. 

g) Total and fecal coliform reductions (in terms of the logarithm 
survival ratios) correlated more satisfactorily to chlorine 
residual than to chlorine dosage. 

h) Chlorine demand varied widely In non-nitrified effluent, bat was 
relatl¥ely constant in nitrified effluent. 

1) Effluent quality upgrading after chlorine disinfection was 

insignificant. BOO^ and N02"N were the only physical chemical 
parameters consistently reduced* Changes in concentration (mg/L) 
were small e¥en though {xrcentage reductions were relatively 
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J CHLO'RINE DIOXIDE DISINFECTIOi 

5i . 1' lotrody ctlon 

The ef fecti¥eness of chlorine dioxide disinfectant was evaluated 
on three typts of biologically-treated effluents during four periods » 
Mon-nit rifled effluent was studied for two periods (winter and suimier), 
while iiitrltied and denitrified effluents were studied foir one period 
each as shown in Table 1» 

5 1. 2 Physical-CheTnical Qiuality of Secondary Effluents 

The physicdl-chemical quality of the efflueots examined is 
sumiTiarized in Table 17. Denitrified effluent was the only one treated 
with ferric chlorides hence it contained the lowest phosphorus 
concentration. The other effluent quality parameters were further 
compared statistically (student-t test, at 95 percent confidence level). 
The fiiidlfigs are sunimarized below: 

- the denitrified effluent was the highest quality stremm, tasad ofn. 
the physical-chemical parameters investigated j 

- the non-nitrified effluents studied In boith Periods 1 and 3 were 
inferior in quality to the nitrified effluent of Period 2; 

- the non-nitrified effluenr studied during Period 1 was slightly 
better quality than the non-nitrified effluent during Period 3. 

In addition, effluent temperatures were obser¥ed to vary 
seasQinally. 

5-3 Upgrading of Effluent Quality Accompanying Chlorine _Dioxlde 

DisinirectiQn 

Physical-chemical quality changes were examined by the Wilcoxon 
pair technique. Ac the ^5 percent confidence level, test results showed 
that B0'D5 and N02"N were the only two parameters consistently 
reduced. These reductions could not Ite successfully correlated to 
applied dosage, residual or overall effluent quality ^ so only ai^erage, 
maxiirium and minimum changes in each period are reported (Table 18). The 
^mall pH reductions (0.2 units) observed in Periods 2, 3 and 4 can be 
accounted for by the o\Ferdosing of hydrochloric acid (300i percent excess 
of stoichlonietric requirem.entE ) diuring chlorine dioxide generation to 
ensure maximum utilization of sodium chlorite. 
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TABLE 17. PHYSICAL-CHEMICAL QUALITY OF SECOMDARY EFFLUENTS PRIOR TO CHLORINE DIOXIDE DISINFECTION 
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All values r^orted in mg/L unless otherwise stated. 



* Bee Table 11 for fefinition of coefficient of variation, 
**Ferrlc chloride addition for ^ttosphorus removal.. 



TABLE 18. CHANGES IN PHYSICAL-CHEMICAL QUALITY (BOD15 and MO2-N) 
ACCOMPAir/ING CHLO'RINE DIO'XIDE DISINFECTION 
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f 


Maxiiiiiuiii reduction in contentration (mg/L) 


14 


1 1 


COi 


Maxiiium percent redyctlon 


82 


II 


-H 
'14 


Maximum increase in concentration (mg/L) 


:i 


0.3 


^^ U 4-1 


Maximuni percent increase 


100 


IflOi ' 


■TO -H m 
c 3 

■H 1 -H 
hi d M-l 


Average reduction in concentration (mg/L) 


3 


1 
0.1 


p^ m m 


Average percent reducLion 


24 


m 


i 


Number of samples 


42 


%i 




Maxiiiuii reduction in concentration (mg/L.) 


15 


0.2 i 


i 


Maximum percent reduction 


78 


46 


Td 

CNII Oil 4J 
■HI 

Td u-ii oil 
-HI p 
•H M r-l 


Maximum increase in concentration (ng/L) 


i 

1 -*«« 


^ 


Maximum percent iocrease ', 


,=^.— ,.—,,,1 


' ' ' J 


iPMi K Wl 


Average reduction in concentration (mg/L) 
Average percent reduction 


4 
53 


0-1 
21 


! 


Number of samples ,' 

1 1 


It 


JO 




Maximum reduction in concentration (mg/L) 


16 


1.0 


OJi 


Maximum percent reductlo'n 

'!' 
Maximum increase In concentration (mg/L) 
Maxipum percent increa,se 


80 


67 


m 

■HI 

W C 
■^ H iiU 


— • 


0,02 
2 


ci 3 








■H 1 <— 1 

u di mi 

(U "4H 


Average reductiom In co^ncentration (mg/L) 


7 


0.30 


ifc a M 


Average percent reduction 


50 


12 


1 111 


KuTiber of samples 


10 


10 




Maximum reduction in coincent ration (mg/L) 


22 


1 




Haximum percent reduction 


90 


88 


Haxinium increase in coaceDtratlon (mg/L) 


___ 


_ — « 




Maximum percent increase 


— 


*-— 


Oi .+j 'a' 

-Ml -M rH 


Average reduction in concentration (mg/L) 


4 


0.1 


fi Q m 


Average percent reduction 


51 


31 




Number of samples 


19 


19 



&8 



3.4 Chlorine Dioxide Demand 

Chlorine dioxide demand is defined similarly to chlorine demani 
(Section 4.4). The meao values of demand are plotted against dosage in 
Figure 14 ^ for all study periods and for contact times of 10 to 45 
minutes. Data corresponding to demand In Periods 1, 2 and 3 can te 
satisfactorily fitted by a single straight line (E (1); Appendix F, Table 
F.l). 

Demand in denitrified effluent appears to follow the fitted 
straight line for dosages from about 1,5 to 3=5 iig/L; for dosages from 

3.5 to 6,5 mg/L, it appears to stabilize at 2.75 nug/L, The lower 
chlorine dioxide demand in denitrified effluent may be due to the 
consistently low nitrite level (<OjOi8 mg/L) and the addition of 

ferric chloride to the mixed liquor. Oxidation of nitrite to nitrate caa 
consume large amounts of chlorine dioxide (4.8 - 9,65 g of chlorine 
dloxide/g nitrite). The addition of chemlcalB for phosphorus removal 
will simultaneously precipitate some fraction of other inorganic ions. 

5 -5 Decay of Chlorine Dioxide Residual in the Contact Chamber 

To study the effect of contact time on bactericidal efflcleiicy 
and the pattern of residual decay along the contact chamber, chlorine 
dioxide residuals were measured at several positions In Periods 3 and 4 
(in non-nitrified and denitrified effluents). The nominal contact tlm^e- 
was estimated by multiplying the total contact time by the ratio of the 
length of Che flow path at any sampling position from the contact chamber 
inlet to the length of the total flow path« 

To eliminate the effect of variations in dosage, the mean values 
of the ratio of residual at any time to that at 20 minutes contact tlime 
(Rt/R20i) were plotted against the ratio of nominal contact time 
to 20 minutes (t/20) (Figure 15; See also E (2) and E (3), Appendix F, 
Table F.l). Figure 15 also illustrates that residuals stabilized sooner 
in denitrified effluent than in non~nitrif led, for unknown reasons. 

5.6 Biacteriolofiical Quality of Undisinf ected Secondary Effluents 
The total coliform and fecal coliform densities In the 

undisinf ected effluents investigated are summarized In Table 19. The 
coliform densities were coimpared statistically. Student-t test results 
mt 55 percent confldencfl level indicated that: 
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TYPE OF EFFLUENT CONTACT TIME 



NON-NIITRIFIIED 
EFFLUENT 
PERIOD 1 



10 min. 

15 min. 
22 min. 
30 min. 
45 mi in. 



NITRIFIED 

EFFLUENT PERIOD 2 20 imiin. 

NlO'N-NITRIFIED 

EFFLUENT PERIOD 3 20 min. 

DENITRIFIED _ _ J' 

EFFLUENT PERIO'D 4 20 min.^v' 









7- 



3 4 5 6 
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FIGURE 14. CHLORINE DIO'XIDE DEMND IN SECONDARY EFFLUENTa,; 
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FIGURE 15. DECAY RATES OF CHLORINE DIOXIDE RESIDUALS IN NON-ilTRIFIED AMD 
DENITRIFIED' EFFLUENTS 
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TABLE 19. BACTERIOLOGICAL QUALITY OF SECO'NDARY EFFLUENTS PRIOR TO CHLORINE DISINFECTION 






t3 -H iU 
O Id 3 

•H I — i 



•H d 

T3 4-1 OJ 

O -H 3 

•H M fH 

a> -H M-l 

PNi Zi W 






en u jji 

iJ c 

o a p 

•Hi I H|l 

■OJ' O 'M-i 

g^ Z M 



iQJi 

•H 

-* m JM 

■H C 

Id M. 'OJ' 

O 4J S 

•H -H rH 

0^ Q w 



Indicator 
Organism 
Group 



Geometric Coefficient Number Riinge of Density Distribured 
Mean Density of of at + One Standard Deviation** 

(counts per 100 roL) Variation* Samples (counts per 100 mL) 



Total collform 
Fecal coliform 



5.5 X 10'5 
3.3 X 10*^ 



Total coliform 
Fecal coliform 



4.0 X 10^ 
1.5 X 10^ 



Total coliform 
Fecal coliform 



5.1 X 105 
9.8 X 103 



Total coliform 


1.9 X lO'S 


l-U 


50 


Fecal coliform 


1,3 X 10^ 


5.24 


49 



4,05 
3,51 



2.90 



4.24 
4.29 



20 
19 



33 

27 



14 



3.1 X 10-'^ - 1. 

2,5 X 10^ - 7, 



2 X 10^ 
9 X 10^ 



1.4 X 105 - 2. 

%^M 103 = 1, 



2 X 10^ 
2 X 105 



J,«i m 10^ - 1. 
5.2 X 10^ = 4< 



X 10^ 
3 X 105 



1.2 X 10^ - 2. 
2«3 X 10^ - 4. 



2 X 106 
2 X 10'^ 



* Based on geometric nean and standard error • of the logarithmic values « See Table 11. 
**Range calculated by multiplying and di¥iding the geometric lean by the corresponding coefficient 
of variation* 



- Total and fe'cal codlfo^rm densities, were highest in, non-nltrlf iei 
efflujent under su'iiier coinditioins-. •('Pexl^ond 3)., 

- the nitrified effluent stuidi'Sd iiniier smimief condltloicis (Period 
I)" bad hl.gher fceal coll,fo'rii c.oun;t.s than eltheT of the effltnenta 
iatuiled, under winter conditions. Total cpillfoiEB densitlesi weia 
al,so: fcigher in. Period 2 than In PeTio-d i.» 

- lo.n-nlt:rifiei efflpent and denitrified effluent strndied uadet 
winter conditions. (Period 1 and leTlod 4, rBspactively), 
■contained similar total eoliforM and fecal coliforii denaltlea .. 

ffhett tleBe O'lbfierwations ^were fuTther examined ,, togetier" with the 
data in Table 19, it iFas found, that collfoini, ideasltles :GorTe,spiondad with 
seaaonal changes in, temperature and, tO' a, ,le,8'S,er .de:gce,e^,, mth suspemdiei 
soilids concent rati'On. 'Such soluble ,CQint,aiElna,„Ht coincent,ratioins as iH3-l,, 
did not appear significant,.: 

S » 7 Effect of Chlorine Dioiiide Dosage on Total ColifioiriM; and Fieeal 

Coliform Redyctions 

5.7.1 Total coliform reduction 

The logarithm mean survival ratio of total col,lf OLr,ni,s (Lo,g, TC.p/TC;,^J 
after 20 minutes contact time Is plotted .agalttsf ichlorine dioxide, dosage 
for all four study periods In Figure 16. This fig:uE« ,iriustrates that 
for le¥els of total coliform reduction between '9'9 perc^ent and ff9u9 pe,r.e,e,n:t , 
chlorine dioxide dosage required was much lidwei in winter tham ,siti'ii]ni,e.r.. 
In contrast, at similar effluent temperatures only s;llgh,tly lower dosage 
was required to attain oi given level of total, coillfoTm reductiQa,, in 
effluents with significantly better physlc,al--clie,mic,a,,l quality (Perio'd 4 
versus Period 1, and Period 2 versus Period 3|, 

This implies that chlorine dioxide Is, .noire effective in 
inactivating total coliforms at lower cemperatiirei: and iti ie£j£iclfin,cy la 
only slightly affected ty effluent quality c 

5=7.2 Fecal coltform reduction 

The iogarlthm mean fecai coliforni, sttrvlviil ratioa are plottel,, 
against chlorine dioxide dosages in Figure 17, In ,spite of sonie' scatte,r,,:, 
results in ail four periods can te satisfactorily ,fitted on a sini..l:e 
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FIGOIE 17. EFFECT OF CHLOIIIE DIOXIDE DOSAGE 
O'l LOG (FECAL CO'LIFO'M SUlf I¥AL 
MTIOi) IN VAIIOUS SECOiNDAlY 
EFFLUEHTS AFTER 20' MINUTES 
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Sitralght line (E (8), Appendix F, Table F,l). T:hl& implies that 
teniparature and effluent quality 'hawe little .gr no' «ffiect an- chlorine 
dioxide actiO'n, oa fecal. coliform». 

5»1 Effect of ChloTlne Di'0.xxdte Rftsldual on foetal ■Coiiform amtf Fecal 

Co'll £o rm Rednie t ions 

3»ft^l To'tal collforii Eedu..etlqfl 

T|,e, lio-garithm .mean tO'tal co'llf orm survl¥al ratio.s we,re plotted 
against end-of -contact (20' minutes) chlorine dioxide residmals In Figure 
lA. Wax res'iduals up to approxl'matelf l,.25mg/L, the logarlthni. mean 
Bttrvl^al ratio of to'tal •collfofriiiS in .all four periods can be fitted by a 
single .curve* This Gurve can te satlsfactO'rily extrapoiat.ed to describe 
the logaxlthii iiiea,n smrTival ratio ohtained in the denitrified effluent u.p« 
tO' .a residual chlorine dioxide concent rat ion, of 3.7 mg/L. 

Those ifesult„s indicate that,, for a desired- target level of total 
coliforii redujctlon.j it is de-sirable to^ adjust the ■chloTine di, oxide do«agi, 
to-' ■■maintain a constant resld:ual concent ra't ion regardless rf sinall 
variationa In effluent quality or temperature. Ind -of -contact res^lduals- 
required for the target le¥el for total collformB were 0,34, 1.15^ Q..56 
mad 0.„. 55 nig/L In Perlords 1 to 4, resi.pectl^velj* 

5 •■ i •■ Z. Fecial colifo.rni re:dnctioH: 

Figure 1;9 is a plot of the logarithm aiBan feoal, coliforii 
•survival ■ratio log CfCj./FCu).j^ ■against ^chlorine, dioxide residual, Thl^a 
figure lllustrstfi.s that-i 

'-' chlorine dioxide residual required to attain a given level of 
log (FCj-/FC^)jjj (between 90 percent and 99.9 percent reduction) 
was highest for the best quality effluent (denitrified) under 
winter conditions (Period 4), and lowest for the poorest quality 
effluent (non-nitrified) under suimner conditions (Period 3); 

'- chlorine dioxide residual required for a specified level of log 
(FCj-/FC^)^ differed greatly in the non-nitrified effluents studied 
under winter and suiiier conditional 

The end-of-contact (20 minutes) residuals needed to achieve 
target level for fecal coliforms were 0i,4, 0.1, 0,2 and 0'.2 mg/L for 
Eerlods 1, 2, 3 and 4, respectively. 
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(PERIOD 1 - 12 'C) 
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TARGET LEVEL FOR 
ADEQUATE DISINFECTION 
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CHLORINE DIOXIDE RESIDUAL 



FIGURE 18. 



fAfelAKW m LOG" (-TOTAL COilFOM SilRVlML MflO') WITH 
END-OF-COITACT (20 MINUTES) CHLQEINE MOXIDE! ^EESIDUAL IN 
VARIOUS SECONDARY EFFLUEMTS 
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FIGURE. 19, flllATIOM OF LOG (FECAL COLIFORM SURVIVAL MTIO) WITH 

END-OF-COITACT (20 MINUTES) CHLORINE DIO'XIDE RESIDUAL IN 
VARIOUS SECONDARY EFFLUESTSi 
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5 * 9 Effect of Contact Tlmfe om the Bafcterlclial Effiele.n.e¥ ef 

Chlorine Dioxide 

The logaritlnm reductions in total coliforin counts during Periods 
2, 3 and 4 at different chlorine dioxide doisages and contact times less 
than 20' minutes are presented in Appendix F, Table F.3. The relatiomBhip;; 
between the logarithm mean survival ratio of total coliform flog 
TCj./TCuJ chlorine dioxide dosage was exanined for each nominal 
contact time* Seven minutes vas the shortest contact time for the 
nitrified (Period 2) and non-nitrified (Period 3) el fluents. IJuring the 
in¥estigation of denitrified effluent disinfection (Period 4), minimum 
contact time was three minutes. 

The linear correlation coefficients between the total coliform 
log mean survival ratio and the chlorine dioxide dosage were 
statistically signlflcaEt at the 90 piercent confidence level for all 
contact times studied (Table F.3). It was also found that the logarithm 
mean survival ratio of total coliforms could be satisfactorily correlated 
to both nominal contact time (T) and chlorine dioxide dosage (D) by an 
equation of the form: 

K K 

log (TC /TC ) - -K T ^D ^ 
r u o 

where Kqj 1^1 i and Ki are arbitrary constants. 

The values of K^, K|, K2 were determined for study Periods 2, 3, 
and 4, and are tabulated in Appendix F (Table F,l, E (14) -E (16)). The 
resulting equations for Periods 3 and 4 (E (14) and E (15)) were used to 
plot the logarithm mean total coliform survival ratio against the chlorine 
dioxide dosage (Figure 20), for contact times of 7, 14.5 and 20' minutes. 
From these curves, it can te concluded that contact time is relatively 
unimportant. The curves In Figure 21 were plotted with the same equations 
used In Figure 20. Figure 21 further Illustrates the need to increase 
chlorine dioxide dosage for high levels of total coliform reduction. 

The chlorine dioxide dosages required to attain selected target 
levels of total coliform and fecal coliform counts at contact times from 7 
to 20 minutes are summarized In Tables 20 and 21, 
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FIGURE 20'. PREDICTED EFFECT OF CHLORINE DIOIIDE 

DOSAGE ON LOG (TOTAL COLIFO'EJ'l SURVIVAL 
RATIO) AT VARIOUS OINTACT TIMES 
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FIGOBE 21. PREDICTED EFFECT O'F CONTACT TIME ON 
LOG (TOTAL CO'LIFORM SU1¥1¥AL RATIO) 
AT VAPaOUS fflLOEINE DIOXIDE DOSAGES 
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T:ABLE 10.. ClLORllE HQXIDE ..DOSAGES ,EEQU.1IE;JD W ACHIEVE SELECTED TQiX4L COLIFO'lM .lEDUCT 1.011 
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■Survival 
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Total 


De«s.ity o.i 














.Cioirrespo'iidliig 








.C-ollf Qirn 


Total 


.Dhosage 


img/L) ■l.e.qulred 


Su.r¥.iv.a.l ■De.ns.ity 1 


3if Fecal C O'li f rni,S: 


Study 


Type of 
Ef fluent 


ledu.ctlion 
■(percent) 


Collf O'Tma 
(ic.omits,/l'OOi hL.) 


for CiQintact 


Tiinie.s of 






c 


e'Ounts/100' il.)* 


Perl.O'd 


7 mitt:. 


15 mlffl 


20 :!i.ln.. 


7 mlti* 


1.5 mill. 


20' .11 In* 


S 


:;il trifled 


w 


5.5 


X 


103 


2.3 


2.0 


1.9 


4.8 


X 


10 
10 


8.2 


X 


10^ 
10; 


8.6 X 10^ 
1.2 X 10^ 
9.2 X loj 

2.7 X 10^ 




|s'tinBi.er) 


m 


5.5 


X 


4.6 


4.1 


3.9 


l.Oi 


X 


la 


X 






99.64 


2.0 


X 


5.6 


S.'O 


4.7 


4»8 


X 


5.5 


X 






99.9 


5.5 


X 


6.9 


6.1 


5.8 


2.0 


X 


2,5 


X 


3: 


lora-nl trifled 


90 


4.0 


X 


10,^ 


2.2 


2.1 


2.1 


3.6 


X 


10^' 


3.3 


X 


11^ 


3.1 X 10^ 
4.3 X 10!" 
8,6 X lOj 
5.3 X 10 




Csujitter) 


99 


4.0 


X 


4-4 


4.3 


4.2 


5.3 


X 


10- 


4.4 


X 






99.64 


4.0 


X 


6.7 


6.4 


6,3 


i.l 


X 


9.1 


X 






99.95 


2.0 


X 


7.3 


7,1 


7,0 


7,2 


X 


5.7 


X 


4 


.De-iilt.rl.f.lBd 


90 


5,1 


X 


10^ 
10^ 

10^ 


leO 


0.9 


0'.8 


9.5 


X 


lOj 
10 

10' 


9.9 


X 


lot 
ml 
10^ 


1.1 X 10^ 

2.0 X 10^ 

1.1 X 10^ 
4.7 X 10^ 




(winter.) 


99 


5.1 


X 


2,6 


2.2 


2,1 


1.6 


X 


2.0 


X 






y9»6i 


2j0i 


X 


3.3 


2.8 


2.7 


S«4 


X 


1,1 


X 






99.9 


5.1 


X 


4.4 


3.8 


3.6 


3»4 


X 


4.3 


X 



*Sur¥ival density at fecal coliforms was calculated based 00 the experimentally-derived relationship ', 

Log (FiCj./FCu) = -0.90 t^^'-O^l d0'-597 

where: t = contact time (minutes) 

D = chlQEiiie dioxide dosage Cni/Ll' 



TABLE 21. CHLOiRIME DIO'XIDE DQiSAGES REQUIRED TO ACHIEVE SELECTED EICAL GQiLIFOiRM BEDiUCTIONS 
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Total 


Density '«£ 














Cor res, ponding 










'Collfom 


Fecal 


Doisag 


;e (mg/L) 


Required 


Survival D 


ensity of Total Ci 


Dlifom 


Study 


Type of 
Effluent 


Reduction 
(percent) 


Codlform 
(counts/100 aL) 


for 


Contact Times of 






( 


counts/ 100 tdL,)* 




Period 


7 mln. 


15 min 


20 iiin« 


7 mln. 


15 


min. 


20 


min. 


2 


Nitrified 


90 


3.3 


X 


10 
10^ 


UP 


0,9 


0.9 


2.4 


X 


< 

10* 
10- 


2..0 


X 10^ 
X 10, 
X 10^ 


1.9' 


X 10^ 
X 10^ 
X 10* 






99 
99.3 


3.3 
2.0 


X 


3.1 
3,7 


2.9 
3.4 


2..8 
3.3 


2,5 
1.4 


X 
X 


2,1 
1,2 


2,0 
1.1 






99.9 


3.3 


X 


6.2 


5,7 


5.5 


1.1 


X 


8.6 


X lO"" 


8.1 


X 10" 


3 


llon-nltrif led 


90 


1.5 


X 




1.0 


0.9 


0.9 


1.4 


X 


10^ 
1^3 


1.5 


X lO'^ 
X 10^ 
X 10^ 
X 10-^ 


1,5 


X 10^ 
X 10^' 

X loi; 
X 10- 




(siJiarfler) 


99 


1.5 


X 


3.1 


2 . 9 


2.8 


1.6 


X 


1.7 


1.8 






99.87 


2.0 


X 


3.7 


3.4 


§•3 


8,. 5 


X 


1 . 


lA 






99*9 


1.5 


X 


6.2 


5.7 


53 


5,.0 


X 


8.6 


9.7 


4 


Denitrified 


90i 


9.8 


X 


ml 

10 
10^ 


1,0 


0.9 


0.9 


5.2 


X 


10^ 
10^ 

10 


4.8 


X 10^ 
X 10| 
X 10^ 
X 10^ 


4.3 


X 10^ 
X 10^ 
X 10^ 
X 10^ 






98 


2.0' 


X 


3.1 


2.9 


2.8 


2.5 


X 


1.7 


ls6 






99 


9.8 


X 


3.7 


3.4 


3.3. 


1,2 


X 


8.4 


7.4 






99.9 


1.0 


X 


6»2 


5«7 


5.5 


6,5 


X 


4.1 


3.5 



*Survi¥al density of total colifom was calculated based on E (14), 1 (15), and E (16) In Appendix F. Table F.l. 
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5.10 Effectiveness of Chlorine Dioxide on Other Selected OrRanism Cromps 
Inactivation of fecal stieptococci , FseudoiiO'nas aeruginoisa , 

aerobic spore formers, bulk T ibacterioplnage and salraonellae during 
chlorine dioxide disinfection was also studied. The respective densities 
in the undlsinf ected effluents are gi¥eu in Appendix F, Table F*4. The 
frequency of salmonella recovery trori the it/arlous undlsinf ected effluents 
is suiiMiarlzed in Table 22A» 

Effectiveness oi chlorine dioxide was first examined as described 
for the chlorine studies (Section 4,8). Respecti¥e mean survival 
densities of organism groups were related to ranges of survival density 
of total coliforms, regardless of effluent quality and disinfection 
conditions. These data are summarised in Appendix F, Table F,5, 

When 90 percent or greater reductions lo total coliform counts 
were attained during chlorine djoixlde disinfection, significant 
reductions in fecal streptococci, Pseudomonas aeruginoea , and bulk T 
bacteriophage were also observed. There were few significant reductioma 
in aerobic spore formers (greater than 90 percent). Mean survival 
densities of fecal streptococci , Pseiidomonas aeruginosa and bulk T 
bacteriophage can be correlated to the mean sur¥ival densities of total 
conforms (Figure 22). The following survival densities were estimated 
at a mean survival density of 200nO per 100 wiL for total coliforms; 

- fecal streptococci - 2.8 .« lO^/lOO mL 

- Fseudontonas aeruginosa - 2.3 x 10-/100 mL 

- bulk T bacteriophage - 1/100 mL 

Salmonellae were effectively inactivated by chlorine dioxide 
based on the presence /absence test results summarized in Table 22. l#ien 
total coliform survival derisity was 1 x 10^ per 100 mL or less there 
was no positive recovery of salmonellae (Table 221). Hie corresponding 
chlorine dioxide dosage and residual were 4«0 mg/L and Qi.lS Eig/L, 
respecti¥ely (Tables 22C and 22D) . 

5. 11 Summary of Chlorine Dioxide Disinfection Results 

The most impoctant findings of the investigations of chlorine 
dioxide disinfection were: 
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mBLE 22= IFFECT OF CHL'OEIll DI0XIBi, OH "TIE IlCIlEMCl OF SALMDMELLAl II" 
SlCOIB&lf If FIU1ITS-' 

22A. R&cQ^mi af SaliiQioellae^ after Chlofrine,. Dlomide DlaijiifeetlQO, 



IJiiMplea: SfajQiglBg. iresenee oif ' Sa,ia!0'ii:ella.ft Pe r ce n t 

Effluent pnitsi ,m;fe..ct,B.d " ' _.._. BlstnfeEcfcea '"; __^____^ecOTery 

lon-nlt rifled 8 2 25 

lltrlfied 5 0' 

Denltrlflei' 9 1 H 



|2.B;,: lB.lBtiQ'n,B.tilp Between Total Ciollfo'Cii Survlwal Diiens.itf .ami Ee.cov.iery 
■of SalttD'tmllae: after Chlorine DlaxldB. Disinfection: 



Total Codlf oT'm, .Survi¥al Densitj? Samplea Stowing, P-rea'ence of 

^ (count a per 100" mL) Sal'HO'nellae 

Geoffletrlc Coef 1101:6111 of ■ftetoenf 

. RangiB Mean . „_,_,_ Iter la, ti on .,__ PndlslnfeGfced Disinfected 'l»cggeg^ 

>i X 10^ 3.3 x m'' ' 4a 5 ' ■ " " ^ 10 .3 "m 

<l X 10* 9.7 X. 102 9, SO' il « «' 



22C. Relationship Betweea Glilprine Dlo«lie Dosage and: Saliioaellae 
Recover};- at 20 MlnutBa Contact Time 



ehlorlnie Dioxide Dosag,® (ng/L)- 

■Staniard 


Samples Showing Presence of 
■Saliao'nellae 


Percent 


Range Mean Bewlation. 


Uni is in f e ct, e d Disinfected 


RecoverY 



<3.0 


2.4 


3. 0-4.0 


3.61 


>4.0 


5.41 



0.39 4 

0.17 f 

1.14 i 



[ 


25.0 


t 


22.2 
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22D. Relationship Between Chlorine Dioxide ftesidual and Salmoiiellae 
Reco¥ery at 20 Minutes Contact Time 



Chlorine Die 


3xlde IDosagi 

Mean 

0.025 

0.14 

0.24 

0.98 


e (mg/L) 
Standard 
Deviation 


Samples Showin 
Salmone 


Lg Pre, 
dlae 


sence 


of 


Pe 
Re 


tcent 


Range 


Undi: 


5 in fee ted 


Disl 


nfected 


co¥er5^ 


<0.1 
0.1 "0.15 
0.15-U.31 

>0.31 


0.04 
OjOI 
0.06 
0.94 




4 

1 

S 

10 






2 
1 
t 






50 

m 






n 




1 2 3 4 m 6 

LOQ 'fTOTAL COLriFQlRM SURVIVAL. DENSITY) 



FIGURE 22. VARIATION OF LOG (FECAL STEEPTOCOCCI SDR¥IfAL 

DMSITYj,, LOG (BACTERIOPHAGE SU1¥I¥AL DENSITY), 
AID LOG ( PSEUDOMOlWAS A_ERUGIWiOSA SUR¥I?AL DESSITY) 
WITH LOG (TOTAL COLIFO'lM SURVIVAL DKMSITY) IN 
SECOWDARY EFFLUENT AFTEE CHLORINE DIOXIDE 
DISINFECTIOW 
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'- TiOital collfoirin and fecal .coillfo-rni ignsitles prior to dislnfectioa 
were highei vkea^ effluent ■tenpitralare, .and. .,iu'Bpen|M aoiidf were 
higher.. 

'- ..le:latioiiishlp'S between diosage and total. coillfiOiTxi re:diii.ct Iob were 
a,orB affected by eff liieini.t te:iiip.era.tu.re thaii by ief,f.luent„ qtialltyi 
ihe chl.O'rln.e dioxide do.saie reqiulred for a gl-ven le^vel of the 
.lo-garithii. :mean tota,l colifotii surwlval ratio was liOwe.r In 
ye:r±ad& .1 and 4 ■(1,2" - 13° e) than In. Periods 2 an,d .3 .(19"' - 22 *C), 

'- The logarithm ■me.an tot.a,l ■colt.f O'rni .Bu.r¥i¥a..l ratlO' ■couli te 
Telat'Cd to ch.l^o.rlne dloix.li:6 dosage at .as .loii as s.e-ven. minutes 
:e'ont.ac.t tltie. Litt,lie .of no rBdiictiO'n In, ■dD-siige cou.ld to: B.chle¥ed 
when .the contact tl'iie wasi ±ac'reas.ied to.' 2'0 niLnutes . 

^ To atta.ln ta.ri;et level of tota.l GQli'fo:rii[i e:a,rvlva.l ■de:iis,l,ty (WQQ 
count /lOrO' ii,LJ at s.6veii. iiil.a.ij[t:es contaGt time, 4..0'Sages " of ,7,, .i .and! 
4 nii,/L, were ■need'ed in non.'^n,.ltrl,f,i„.ed,, nitrlflfijd s'tid deal t;rif led 
e,f .flujents ,, respect ively. 

'^ .For tot.a..l collEocii reductions M-tHeen. iQ'. p.Bricefit. .and 9f.., 9 
p.ar€ent , the logarithii, mean total coliforia .surviiJ^ai .fati.o 
■obtain.ed in the font study perlONd.Bi eD'ii.li be re.Late:d. toi: eild-0;f^ 
cOiBtact. (.20 minutes j residual bf a sla.g.le .curve. 

-' The end..-of-'con.tac.t (20.. mtnutfis) res.idiLia.ls needed to attaltt tte 
target ,leve.l of tota.l fco.llfO'CTi survival densltf l.n ■p.erioids 1, 2^ 
1 and 4 were 0'.3%,, ■0,.56, l,a5 ,and O'.SS a,g,/Lj resfeetivel,)?. 

^' The reLationship between, dO;Sa,ge and the logaTithii, mean, fecal 
..collf.orm ■Biurvlval ratiO' Chetween 9Q p.fircen.t and ff.iP percent. J. 
'waS' th& same. In. all st'u.dy perlois* 

•« The relati.O'nah.ip between e:nd-of'^conta.ct (20 mlttutas) :dhlofiB;'e 
-diOiXlde residual and the logarithii iiie.att fecal collfoEii sutrviva..! 
:ratio .log C.FCj./FCu)ii wa.S' affectM bf^ e.f.fl„ue.nt teii;p6.ratu:re ,., .and' 
Tesldiials required far a .gi'ven level of fecal c,o.l,l,fo:rii redu,c:tiiSiif, 
in.cTe..as.e.d as tempera Cure dec.riea.sia:d , On the other hand,, required 
tesldual.s: were only slightly reduced when ef,fl,m.ent qua..lity was 
ttarkedly bettaj., 

^ iignif leant reductions in .fecal iitr'ept:oe.oc.el.j,. ys'lBdolioaaff 

ae.rngi:no:Sa , and hu..Ik T bact€ri'0.phage were aehie¥ed after idhlorltti 
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dioxide disinfection. At a mean coliform survival density of 
2000 per 100 mL, survival densities (per 100 mX) were estimated 
at 2*8 X 10^ fecal streptococci j 2^3 x 10^ Pseudomonas 
iteruglnosa and 1 bulk T bacteriophage. Chlorine dioxide was not 
effective in inactivating aerobic spore formers. 

'-■ Chlorine dioxide was effective in inactivating salmonellace 

There was no positive recovery ■#' ialmonellae in any BSliple with 
1 W^i Aliform survival density below 1 x 10'^ (per 100 mL), 

-■ B.0'D5, and NO2-N were the only physical-chemical paramete 

consistently reduced by chlorine dioxide disinfection* However, 
there was no apparent correlation tetween these reductions and 
f'hlorine dioxide dosage or residual. 

^^ Chlorine dioxide demand in the non-nitrified and nitrified 
effluents increased linearly with chlorine dioxide dosage. 
Demand in the denitrified effluent stabilized at 2,75 mg/L for 
chlorine dioxide dosages in the range 3.75 to 6^75 mg/L, 

■■■- chlorine dioxide residuals in the contact chamber were found to 
stabilize sooner in the denitrified effluent (winter) than in 
the non-nitrified effluent ^^p^^|,.: 
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t- O^OilE niSllFECTIQM 

i,i littfginecl:im 

"©ZQiae aB an efflueti't dlsinlectaat teal ig»ml«at.ed lor threiB type:;S'' 
of MiQlo^glcally-treated efflttents.^ as .outlined in- Tablii I * 

ivS Phfsl.ca,l-Gh.emA.eal__9uflJ.,it,y of Secondary Efflttenta; 

The physlcal'-'cheiiiciLl qttali'tImB' of the three effluents ewaliiatei 
mre smmniftrlied in Table 2.1, Ihe low phDi.spliotMa ieo!ncentr,at,lon In the 
den,itrif.led e:fflii,eiit res^ulted f.riOiii the addltlan of fe-rrl..e. chloirlda,* In. 
gefiaral,: these, 'data (Table 2,3) indicate: that; 

■^^' based on COD^, ,BDOgj„ 111 and ausp&Hded .S0..11ds coaee:„nt rati 01.0,8,1; 

HO'n,-Hlti:ifi.edi was the .lowest qiiality e,f fluent ■evalu.ated j: 
■^ iiea,n, aiiitt0.iil.a n,ltrog„eii concent ratioms ,i,n nltrif,ied ,an,d 

!ien,ltri,fied e,ff ,lnen,t,B' ^were slailar buit the obaeEveid: rangie of 

iC.onG..entratlon8 was snaller in .the. denlt-rif led ief f liuernt ;^ 
^ ienitrified ef £ lii,e...nt cQata,iii.ed the lowest TDI^j nl,tri,t.e: and 

ni t ra.t.e conce.ntTationa ; 
w temperature, dl,f feren,c.ei '.amoni tte three ef f'lwents were ^rela'tei 

%& the ^se:a-S'Qp. *. 

-s 

%mM .yhysical-Cheiilcal Qijai,ity 'Ghanges ,Aceog,p.a:nyl,n,a Qzpne Plslnfectioin 

Itfi' oxl,dizl.iig power gf'Ves oizone significant. capa.,blllty for 
upgrading the ■phy,slcal-cT[ieiileaI ,qii,allty of .secttEdary ,ef f luernts* 
Ppgradlng effects 00 COD.,, .BODj,, suspended soli'da,. nitrite,, coIohi'E .ami 
tiiif'bldlty were e;val'uat,ea (Table .24),. At the' 95" percent confldeace, ,lefe,l 
Cstudent-t test),,, t,M ef,fect,s .of OEone 00, the ph[fSil,cal''chen,ical quality 
of the iSeeonda.r,y efflTjentS" 'were.; 

-" ..a reduction In 000 aftBr Q,i,oBatlQ'n pf non-n,,It,r:if.le,d|, nltrl.fied 

rnnd dfi,nl trifled effluent.s.| 
— ,a feduct.lQO In,: effluent BOD'^ in the non-nltrlf ied anil 

oltrl-fiei, effluents,- .and .a .algntf leant iMcreas:© .In BQiBi| in 

t.he denitrified effluent l 
«■ re'duced, ,s,u,s,fen:ded solids ,cpn;iCje,nt Eatl'0.n,:S in, all three itf pe.s of 

■effluent; 
■■*' ted..u:.Bsd caloAir- -and turbidity | 



m 



■TABLE 23. PHfSlCAl-C'HEMlCAL QUALITY OF SECOIDARY EFFLUENTS PlIOE TO' OZONE DISINFECTION 














- 


' - - 


^ -" 












Col>Diir 


























Tan,pera1iire 


fHazen 


Turbidi-fy 








'$& 


roo 


TOC 


BOD5 


TCN 


NH3-N 


NO2-N 


N1O3-IN 


('ci 


Units) 


(JTU) 




X5 
0) 


Range 


2-48 


40-140 


15-44 


4-30' 


10, 0-25. '0 


6. 8-11 '9.0 


01.04-7.0 


o*a-i D.,Q 


,15,,P-2K0 


5^70 


2.6-22.0 


r'-i 


4- c. 


Geometric neain 


11 


m 


^ 


11.5 


^P^R 


!*#; 


f^ 


1.4 


19J5 


m 


8.0 






Coefficient of 
























1-. 


, _ 


variation* 


2«12 


1.35 


1.37 


1.79 


1.30 


1.33 


3.06 


1,-??. 


1.09 


1,10 


1 .88 


«13 
0- 


o ^ 
:2: i4j 






























Range 


2-25 


30-140 


9-30 


1-25 


U0'-16.0 


0.1-16.0' 


OeO'2-21.'0 


0.4-21.0 


18.0-22.0 


40-70 


1.B-t4.0 


6 


03 -5- 
— - 


Geanetric nean 


7 


52 


18 = 2 


7.1 


2.f 


9*4 


11^ 


7.5 


MS 


m 


5.9 


i_ 


L. — 


Coefficient of 
























a. 


IS LU 


vari at ion* 
■ 


U72 


K41 


1.30 


1.89 


U94 


^32 


9.* 


'BM 


i^< 


K21 


K76 




0) * 


Rang© 


4-14 


24-67 


7-21 


1-12 


1,4-10.0 


0»l-8.7 


0.02-1.'0 


0,2-2.4 


10.0-16.0 


15-60 


3.2-B.5 


f 


— C 


Geometr i c irream 


6 


M 


12.5 


2.9 


2.3 


0t6 


OM 


0.5 


f&9 


m 


5,2 


o 

O 

a. 


■4- 3 

Q UJ 


C'oefficient of 
variation* 


1.38 


1.33 


1.24 


1.68 


1.74 


3,78 


2.54 


2.20 


1.16 


1 ,52 


1 ,39 



All values r^ort'ed in mg/iL unless otiierwise stated. 



* See Table II for ifcfinltion of coefficient of variation. 
**Ferric ohiloride ^'d it ion for pihospliorus raiovale 



TABU 24.. GHAIGIS IM .EFFLUEMT PHiSICAL-CHlMIC;AL QUALITY .AeCOMf Alt IIG OZONl. 
DI,SIIP1CTI01 AT A GO'iTACI TIME OF 18 MIIUTES 









•COD 


B:0'D5 


SB 


»2^N 


Colour^ 


Ttobidity '[ 














(Ha..z.e.ii Dn.lts) 


CJTU).; „ 


,1. 


*Hl,. 


Average re'duct ioa 


1.5 


2 


5 


1 


33 


3 ]! 




■■ In, conce.n.trat.loni 












1 


rt' 




■■(iil/L) 








' 




|| 


^1. 

■HI 


1 .iM 


Ave ra.gie pe reen.t 


If 


18 


41 


96 


86 


37 


IN 

m 




reduction 












1 


ft 


»• IM 
















1 
\\ 




.Average ■reiuct .ion 


16. 


I 


4 


O1.3 


55 * 




•«. 


In c.O'n.cen..tration. 














m 


1© ,Ui 
















r, ^'m- 




C111/.L) 
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A O 

[ ... 


'iri a 
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Aweraffi pe,.rcent i 


aj 


19 


50 


ia. 


10 


57' 


a M 


:ifadu,.ctlo'a '.; 














i 1 


m 

03:- 


ipfStmge lednetioo 


8: 


-2* 


2 


0.01 


14 


I. 






im ,ciO;ac;emt:ca't.ion 












, 


'■, m 


■hi 'U 


(at/L) s 








( 


ii 


'' 


•Hi 


4J 3 
















■•HI iH 
d '4H- 

Oi- w 


reduct.lQm ■? 


ll 


-bS* 


19' 


33 
1 


m 


30 

1 



*A iie.ga.t.ive i^a.lu.e .iii.p.ll.es incre.,a,&ed cottcentratloa after idis.iiifectioffl^ 



- reductloins ,±n nitrite nitra,g«n concent :ratlon& a.fteE oz,on,atloin off 
a.oB-n.itr.l,fled and nitrified eff Iments. -AveragB^ nitrite 
coiBrcentratlon in. the denlt.rified effluent (0'.Q3' mg/Lj was too low 
tO' provide a statistical tasls for icoiipari.sHm* 

In faotM aan-ni trifled and nitrified .ef.f"lu.ieiitB , and at oa.oine. 

do.s.a,ges tetvaen. IQi and I'O' mg/L, nitrite c0n.eent rat ions in the o.z:ona.t'ed 

mf fluent we'fe always Eii'ttced to 0«0I fflg/L,, retft.rtleis of Initial- 

Eaacent ra t Ijom^. 

* 

§9!% Qgortte •Biamand .of Secondary Bf,f Ittiefnts 

OKotte detiaiid of the effluents was es,t.l'iMted' "by^t 

- A eomparlson of the: ozQine rB'Sldual In thi' osottated eff Iment with, 
■the iip'plied oaane. ^dosage CFigij..re 23.) j and 
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FIGURE 23 » lELATIONSIilP BETWEEN OZONE RESIDUAL AND 
OZONE DOSAGE Xi SECOiDARY EFFLUENTS 
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- a comparison of the ozone residual with the input COD of the 
unoEonated effluent (Figure 24). 

Mean ozone residuals after 18 minutes cotttact at ©ach do-s-age were, 
calculated and plotted against the applied dosage: (Plg'U-re ,23)* An 
indication of the minimuiii dosage of ozone required to achieve an ■azmnm 
residual of at least 0.01 mg/L may be obtained. The estl:iiiates reflect the- 
general trend of l!ipro¥ed disinfection efficiency with hettier physical"' 
chemical effluent quality. 

Ilililiiiim O3 Bo sage to att.ain 
a idetec table resl^dmial 
l;fflue'nt Type C£,0^.02 mg/L) 



Mon-nitrlflBji: 10'- 14 

lit rifled <10i 

Dianit rifled < 4 

The ozone residuals are coiipared to the iTOD of the unozoinated 
effluents in Figure 24, These results seem to indicate that an ozone 
residual can te achieved consistently in all effluents when the OOiD oif the 
unozonated stream is less than approximately 60 mg/L. An ozone resldiial 
at an unozonated COO higher than feO mg/L may be attributable to an ozone 
dosage higher than the niinimuii levels presented above « 

At the ozone application rate of 10 to 16 mg/L, residuals (0.02 
nig/L) could not be obtained consistently in non-nitrified or nitrified 
effluent if the original COD exceeded 70 mg/L. With denitrified effluent, 
residuals were obtained at lower applied ozone dosages of 4 - 10 mg/L. 

b . 5 Bacteriological Quality of Secondary Effluents 

The baicterlological quality of the effluents prior to ozone 
disinfection is suimiiiarized in Table 25. The non-nitrified effluent had 
the highest densities of Indicator organisms. Denitrified effluent had 
the lowest concent rations of fecal coiiforms and fecal streptococci. 
Total colifarin concentrations were very similar in nitrified and 
denitrified effluents. 

6 . 6 Survival of Total Colifofits. i:.n Ozonate.d Effluerits 

A,lthO'ngh total oollfoTm data ■were collected at several loeatlons 
in the twoi contact coluMna, internal Mckalxlng restricted meanlng'ful 
analyses to one of two locations at the exit of the first or second ciOilttmii . 
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FIGURE, 24 « RELATIONSHIP BETWEEN A¥EMGE OZOHE RESIDUAL AID AVERAGE 
INFLUENT COD 
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miLE 25., BACTERIOLOGICAL QUALITY OF SECQiNDARY EFFLUENTS PRIO'R TO OZOdE DISINFECTIOM 



*ifpm tf Study Indicatoir Organism Obser¥eol Range Geometric Mean 

.IffTtient Perioid Group (counts per 100 iiL) (coonts per 100 niL) 

lott-nltrlflad 3 Total coliform 2.2 x lO^ - 1 x lO^ l.f x 10^ 

Fecal coliform 1.3 x 10^ - H x lO^ l,,i§ % lO^ 

Fecal strHpCococcl 1.4 x 10* - 6 x 10^ l.,Oi x. 105 

— — ^ — — — ^ — — . - . ■■• . -i : 

:illtrlfiB:d i Toital coliform 8 JO x 10^ - 8.0 x 10'^ l,.l x 10i'5 

Fecal coliform 2 x 10^ - 2.1 x 10^ 1.4 x 10^ 

Fecal streptococci 3.. 6 x 10^ - 2,4 x 10^ ?,§ x:, lO^ 

■ - , - — — — — — ^ . - -:Ja 

Demltrlfied 4 Total coliform 6,6 x 10^ - 1.1 x 10'^ 3..3 x lO^ 

Fecal coliform 1.0 x 10^ - 2,8 x 10^ ,,,fi.,3 x 10'3 

fecal streptococci 1 x 10^ - I x 10^ 4*:2 x lO^ 



-w^ — , — ^^ 



Data were analyzed in subsequent sections to provide insights on sur¥i¥al 
ratios with respect to variations in ozone dosage, contact time and ozone 
residual. 

6.6.1 Effect of Qg'gfte dosa.ge: 

The theoretical ozone .do-s.agp„ rie^qnlted to' reduce nitrlt'e ■nltro-gem 
.i'tt "Hie Ittfluent to Q'«:02 mg/L (.3,4 mg of 03,/mg .I0'2'-N') was SMbtracted froni, thft 
t'Otal dosage injected Into the two' colu'mna* The net dO'ga:ge mtlllzatlo'-n 
efflciaTOcy (Iquatloii 4^, ie/c.tlon 3<.3.,:3.) of the Q^z.one dosed to the two 
Cjo.nt,a"et colum-ns'. combined was found tO' be f'5'' percent 01- 'bette-r.. ThexefoT'e,: 
th'E net O'ZO'ne' ■do.sa.ge. required for cQ.llforii teduc.ti'Oin, was not further 
corrected. Total coliform survival ratios after 18'^ ffllflutes are plotted 
■■against the net oz.oine do.sag.eS' in Figure 25 # 

Linear regriRssloas ware perforiied 00 'thfi data prsBiented in Figure,, 
15* 'fhe. linear correlatlBin com,fflcleiits fo^x the non-nlt rifled .,and, 
iBBltr,ifled efflufiints were found to te 0,,,.7"7 a.nd 0.73, •and were sign.i,f .i^camt 
at th& 9,5 percent cD'nfldence le'vei. The correlation coefficient for the 
mtrlfifi'd ef„fluent wa,s D',. 63j, sl,.gnlf Icamt ,at' the. fO p.e'rce:n,t co.n£i,de.n;Ce leve.l'* 
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FIGURE 25. EFFECT OF OZOIE DOSAGE ON TOTAL COLIFOIM 

SU1¥I¥AL RATIO AFTEl 18 MINUTES CONTACT TIME 
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Figure 25 iodllcates that, at the end of 18 minutes, adequate disinfection 
(2000 total collforni count s/lOU mL) was attained at net ozone dosages of 8 
mg/L for non-nltrif led effluent and less than 2 rog/L for the others - 



6.6.2 Effect of contact tl 



ime 



The 5ur¥i¥al ratios of total coliforms obtained at the end of the 
first and second columns are shown as functions of contact time in 
non-nitrified nitrified and denitrified effluents in Figures 26, 27 and 
28. Net ozone dosage ie indicated for each data point. The contact times 
are obtained by di¥idlng the column volume by effluent flow rate. 

In general, these figures show that^i 

- total collforin survival ratio decreases (lee., percent 
inactivation increases) with increasing contact time, at a fijced 
ozone dosage; - total coliform sur¥l¥al ratio decreases with 
Increasing ozone dosage j at a fixed contact time; 

- total coliform survival ratios obtained at the end of the first 
and second columns are in fair agreement when ozone dosage and 
nominal contact time are approxiiiatel)? the same. 

The horizontal liueB indicate the total coliform sur¥ival ratios 
for adequate disinfection. From the distribution of data points above and 
below these horizontal lines, at IB minutes contact time, ozone dosages 
required for obtaining adequate disinfection are in good agreement witli 
the dosages extrapolated from Figure 25a To prepare ozone disinfection 
costs J required dosages and contact times were conservati¥ely selected to 
be JO' mg/L and lb minutes, ti mg/L and 9 minutes, and 4 mg/L and 9 minutes 
for non-nitrlf iedj nitrified and denitrified effluents, respectively. 
Dosages were then corrected for ozone demand necessary for nitrite 
oxidation and tabulated (Table 2b). Nitrite concentrations expected in 
the respective effluents were assumed to be i mg/L^ 0,5 mg/L and Qi.QiZ 
mg/L, 

6 » 6 » 3' Effect on ozone residual 

The survival ratios of total coliforms after 18 minutes are 
plo'tted against ozone residuals In Figure 29. Data with ozone residuals 
less than 0i.0i2 mg/L are not presented. 
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TABLE 26. SUMMARY OF OZQifth DO'SAGES AND COiTACT TIMES KQUIRED' DD' 
ACHIEVE AU'EUUATt DISIWFECTION 



O'Eone Dos-a-gc Cointact Tlnie 
Type gf Efflofint (mg/L) Omlnutes_) 

Moa-nltrlfied. 14 18 

Nltrlfle.d Iff i 

BBnitrifie.eI,. 4 I 



lesults presented in, Figure' 29 are irery scattered ^ pa,i;ticttlarly 
fO'r non-nlt rifled and nlt.rlfled effluents, ieverthelessa these idata. i§ 
indicate a general trend in, tejctericidal efficienc-y relati've to ■ozon,e,', 
re,«ldual* At residual Qizone' ■C0n,ce:nt,ratlon.s equal tO' or ,grB,a,t.er than 0.02 
ffl,-g/L ,a,md ,l,eas. tha.n 0.2 mg/L, the target le^vel. of total colif,oira EeductiO'ini 
was fre,que,n,tly achieved,:, six of se¥en time'S in, noiii-nl trifled ef fluent, 17 
Qif 20i timea in nitrified effluent,, and all six tlme.s in denltrifleid 
ef f ,l,uen,t • 'Thns. It app,ears that, when oizone ,is slliht„ly oiVerdO'Sed tA 
.create a poi,s,lti¥e end-of -contact residual "R" (Di*0i2 <R, <0*2, ng/'L]!, 
adequate disinfection Is llk.e„ly... 

I .: 7' If fectivenesa of Oi,z,one on Other Selactgd, Ot-ganis'msi 

The ef fiecti'¥enfis,B. oif O'ZOine on Belecte,d o-rgaaisms wa,e ass-es,S'ed at 

■'various doi,sag,es .and, cotnt.act times,* 

Fecal coliforii and fecal ,streptococ.cl densities Cc,oiuri,ts,/1Q.O mL) 

p-ri,0'r to oi2,oin,e di.siiif ectio'n are pire,sented In Tab„le ,.25 „ ,At the selected, 

■do8a.:ge„s and coatact tiii,e,s fe,c,al CQlifo'tm a,.nd fecal streptO'.coNCci survl-val 

densit,te..s werei 

Fecal coliform Fecal streptoco'ccl 

survival density s^urvival density 

(counts/lOiO mL) ( counts /I QiO mL,) 
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< 8 X lO'l 
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Tlie average le¥els of Pseudomonas aeruginosa before ozonation 
were 1.0 x lO^^ 4.1 x 10- and 1.7 x 10^ per 100 iiL in rnoin-nitrlf ied, 
nitrified and denitrifieni effluents, respectively. These levels were 
reduced to approixlTDately 10, 30 and 10 per 100 mLs respectl¥ely, after ttie- 
selected dosages of ozone and 18 minutes contact - 

Survival of salaaonellae was determined on the Itasis of presence/ 
absence tests on disinfected samples. Twenty-six samples collected at che 
end of the second contact colunm were analyzed. Saliionellae were detected 
in only one nitrified effluent samiple (zero net ozone dosage and 18 
minutes contact time). Salmonellae were detected in two denitrified 
effluent samplefc collected at the end of the first colunm. The twoi saiiples 
had been created with net ozone doisages of 4«5 mg/L and 9 mg/L,, and 
contact times of nine minutes. 

Bacteriophage density (number per 100 imL) was deterinlned om 
selected samples of non-nitrified, nitrified and denitrified effluents, 
treated at a variety of dosages and times « The average tacterlophage 
density of the unozonated effluent was 1.2 f 10^ per 100 mL (ranging from 
33 to 6s3 X 10-J per 100 mL). After the first contact column, no Itacterio-^ 
phage could be detected in three of 16 samples « The three samples were 
from non- nitrified or nitrified effluents and had been treated with 
dosages ranging from 7,5 to 11 mg/L with a contact time of nine minutes. 
In the remaining 13 sainples, mean survi¥al density of bacteriophage was ll 
per 100 mL (ranging from one to 141 per 100 mL). Net ozone dosages ranged 
from 4 to 13 mg/L and ccmtact tines from six to 18 minutes. After thne 
second contact columnj bacteriophage could not be detected in 13 samples » 
Net ozone dosages ranged from 6 to 17 mg/L and contact times from 12 to 36 
minutes « Bacteriophage up to fi¥G per 100 mL were detected in two 
ozonated non-nitrified effluent samples (zero net ozone dosages ^ contact 
times between 18 and 27 ifElmiite&) and in one ozonated denitrified effluent 
sample (5 mg/L net ozone dosage and 12 minutes contact time)* 

6 .6 Summary of Ozone Disinfection Results 

The following points summarize the irost important findings: 

- Survival of total coliforms decreased with increased contact tlmB 
at a fixed Oione dosage and decreased with Increasing dosage at -.ft 
fixed contact time. 
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'- In tion-nitrified,, nitrified and denitrified effluents, the net 
^^m. ft-sages required to neet the target level of total coliform 
#urvi¥al ratio were 10' mg/L, 8 mg/L and 4 mg/L, respecti¥ely. 

- Allowing for ozone dosages for chemic^ nidation of effluent 
nitrite J the ozone dosages and contact times required f^ 
^^»^ disinfection tesed on total coliforms were^ 

Ozone Dosage Contact Time 
(mg/L) ^ (minutes) 

lon-nltrified 14 ig 

Nitrified ^l | 

Denitrified 4 f 

'"- At the selected ozone dosages and a contact time of 18 minutes', 
ozone was effective for inactivating the organisms studied. 

- OzonatiO'D significantly impro^ved the physical-chemical quality of 
the secondary effluents as measured by reductions in COD, BODj, 
suspended solids, nitrite nitrogen, colour and turbidity. BOD5 
in denitrified effluent was increased after disinfection. 

*- The dosage required to produce a measurable ozo^ne residual was 
related to the physical-chemical quality of the effluent. 

^ The presence of nitrite nitrogen in the secondary effluents 
markedly affected the disinfection capability of ozone, 
particularly in nitrified effluent. 

Little or no correlation could be obtained tetween total coliform 
survival ratio and ozone dosage until the amount of ozone consumed in the 
chemical oxidation of nitrite was deducted from the ozone dosage. 
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APPENDIX A 
tJIERATURE REVIEW 

A . 1 Disltifection witti CMofine 

A * K 1 .^gbemlstry of chlorine In disinfection practice 

fe i^'iiventional practice, chlorine gas is dissolved In a small 
quantity of secondary effluent In a vacuum ejector to form a concentrated 
■iolutiO'n containing up to 350€' mg/L of molecular chlorine » This co^ncen- 
trate is then rapidly -'|^Wi #ne to two minutes) mixed with the kilk effluent 

■^ Edition tO' the effluent, molecular chlorine dlsproportlonates 
ihstantanieously and irre¥ersibly to foTm hypochlorous acid plus hydrogen 
and chloTide ions. 

C% + H2O — ^ HOCl + H+ + CI" Ssii 

The hypochlorous acid formed then partially djtssocla.feSS *te ^^^a@B 
hydrogen and hypochlorite ions » 

HOC! ^ H+ + OCl" tttSl 

^Ite "equilibrium dissociation constant of the 'gS'Cond reaction (A. 2) Is 
strongly affected by the effluent pH and, to a lesser extent,, by effJ.u^^nt 
temperatures At 20°C, the percentage HOCl concentration (by weight), 
decreases from 75,2 percent to 23^2 percent as pH is raised from 7.0 to 
■■i-O. At neutral pH, the ^^e'-entage HOCl Increases from 75.2 percent to 
K*f ft^ettit as the temperature decreias-et from 20'''C to 0°C [1]. Most 
analytical methods, including the amperometric titration method, are 
unable to distinguish between hypochlorite ion and hypochlorous acid^ and 
the total concentration of these two species Is reported collectively as 
"fr.ee available chlorine". 

Iri. mo.st water and wastewater .txeatment plants, chlorine dosage is 
■'Galcjttlatstf Mt 't1fe' 'fes^B # 'A"^^^^^ ;^K consumption. However, in some 
disinfection studies, chlorine ^isige calculation is based on the quantity 
of total available chlorine present in the concentrate. Consequent ly^ as 
a result of the dissociation reaction (A.l), a theoretical discrepancy of 
50 percent or nwre can te expected in dosages calculated by the two 
different methods, as the chloride ion (Cl~) is not included in the 
total available chlorine analysis* 
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HOiiCl 


+ 


MH3 ^ 


NH2CI + H2O; 
Cmonaichloramiiie ) 


HO'Cl 
HH3 


HO'Cl 


+ 


NH2C1 ^ 


(dichloraraine) 


HOiCi 
NH3 


HOCl 


+ 


NHCI2 7-* 


N1CI3 + H2); 

(nitrogen 

tricliloride) 


HOiGl 
NH3 



Hypo chlorous acid and hypochlorite ions will react with any 
ammonia in tht; efflueTit to form one or all of three principal 
end-products s, rnonochloramine „ dichloramine and nitrogen trichloride, 
according to the following reactions: 

> CA.3) 

^ 5 (A. 4) 



The relative amount of the three end-prodttcCS' fofttid is affected 
by the initial chlorine to ammonia ratio and effluent pH amd, tO' ,a lesse-r' 
degree, by temperature and reaction time. In general,, tfee fatie of 
monochloramlne Co dichloraraine increases with pH* At. pH, &■, and aftef twoi 
houre contact time, BO percent or mure of the totfll avallabifi: chlorrlnie 
residual may be in the form of monochloramlne [ 2,3,,:4, S].,- 

The remainder conBists primarily of dlchloraffline: and scjne organXc. 
chloramines , Nitrogen trichloride Is seldom present in a diiSdnf ectCid 
ef fluent as a high chlorine-to-aniionla weight ratio-' is required foir its, 
production. Chlorine will also combine with organic nltrogea to focfli. 
unsLable organic chloraniine compounds with little; teet.ericlial potencyif 
HQiwe¥er, some of these organic chloraTiines are measured ■as toitail available 
chlorinfe residual by the analytical methods used la ■was'.teiwateT' tr%at:iie:n;t: 
[6j7]. Thus, poor disinfection can result despite, the pEies...e.m.'.c..e ^oi .a 
relatively high total a¥ailable chJjorine residual* 

A . 1 = 2 Adequacy and efflciencjf of chloirine and chlo' gamines aS; ■d,i,:S:ia,feg..tiants:_ 

HypochLorous acid is a highly effective bactericide audi adeqiuifftB 
¥irucide [8,9]. However, free chlorine, Ineluding, hyporchlQCOiis acl.ij, is: 
not normally present in tlie bulk effluent tecause of th© tap.ld .fotiDjatloo; 
of chloramines resulting from the reactions tetwe.en :aBiiio:tila.. and 
hypochlorous acid. As a result, bacterial inactlv.atlon in the ef fluent 1ft. 
normally achieved b}*' a mixture ot monochloramine and dlchlo'-ramina... These 
two chloramines are less effective disinfectants than hyypoiGli,liQ.r.p.H:S: acid 
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in that they are adequate bactericides but poo^r virucides [10i,ll]« Their 
relative tectericidal effici^^ in effluent is n* '^Wcisely known. In 
potable water, at pH between six and eight, a free available chloTine 
residual is approximately 25 times more efficient than a combined chlorine 
residual for inacti¥ation of coliformSj while dichloramine is about thr^. 
IS ^te times as efficient a monochloramine [12,13]. 

In typical secondary effluent disinfection practice, the chlorine 
dosage applied ¥aries between 5 mg/L and 15 mg/L to nelntain a total 
available chlorine residual of 0.5 to 1.5 mg/L at the end of 15 to 45 
minutes contact time* 

A«l«3 Effect of effluent quality of chlorine disinfection efficiency 

The lactericidal efficiency of chlorine in typical municipal 
gecssedary effluent is only marginally affected by BOD5, TKN, suspended 
solids, colour and turbidity at concentrations normally encountered 
[1,14], It is generally telie¥ed that low temper a tu;f^-. ^eatly reduce the 
efficiency of chlorine disinfection [6,12, 13], However, in a recent field 
study [14], it ^^ found that over a temperature range of 2*C to 30°C^ 
there was no sl^lFicant temperature effect for contact times of fii^) 
minutes or longer. 

The oxidation reaction between chlorine and nitrite nitrogen is 
potentially important in effluent disinfection but is often ov«£i^iked# 

HOCl + NO2' -^ NO 3- + HCl t&mif 

Under normal conditions, nitrite nitrogen in secondary effluent 
is present at concentrations of 0.5 mg/L or less and, therefore, does not 
result in a reduction in chlorine disinfection efficiency* However, 
nitrite nitrogen can increase quite abruptly with small upsets in the 
ag'ti^fft-ed sludg§ ^'§ie.65s. Nitrite nitrogen co^ncentrations in excess rf 
about 2 .mg/L can be detrimental to the disinfection process as the 
fanEitflffl rf ftftrate nitrog#^y Iccording to reaction (A«6), can utilize 
most of the chlorine added for disinfect ion. 

A#I«4 State-of-the-art in chlorine disinfection 

it; ^m J»«i. demonstrated that the effectiveness of chlorine as a 
disinfectant can te greatly enhanced ^ ^od initial mixing, ^rtlcularly 
where high-rate disinfection is required [14,15,16,17]. ;^i»ver and 
Herbert [18]' proposed that the magnitude of mixing provided to the system 
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can be adequately described by the velocity gradient (G), which is 
comiionly used in flocculatiom practice [191. In a recent study, Geisser 
and Garver [14 J were able to relate the logarithni survival ratio of fecal 
coliforme to the velocity gradient together with chlorine dosage, contact 
time, initial BOD5 and TKM concentrations in a single descriptive 
equation. Howeirer, a critical or optimum value of mixing intensity has 
yet to be established. Of the various mixing devices which can be used, 
White [1] recommended the use of a "pressuriEed closed conduit" rather 
than such devices as mechanical mixers, hydraulic flumes or weirs. 

A plug flow contact chamber is desirable to complement good 
initial mixing. Marske and Boyle i[20| suggested that a contact chamber 
with a length-to-width ratio of AU: I would adequately approximate true 
plug flow and that little improvement would result from higher ratios. 
The desired ratio may be radily achieved in a long outfall pipe or 
longitudinally baiffled serpentine contact chamber » To minimize 
short-circuiting and dead-spaces, careful attention should also be given 
to the hydraulic design of the inlet and outlet of the contact chamber. 

Due to fluctuations in effluent characteristics ^ chlorine demand 
can change significantly with time. Therefore, residual control is 
extremely important for consistent achievement of disinfection objectives =. 
Where a high chlorine residual is cequlred to achieve very low bacterial 
densities {<h total collform counts per lOQi mL) In the effluent, an 
automated "residual-flow rate" control loop (compound-loop) is essential, 
if gross overdosing is to be avoided. To meet less stringent disinfection 
objectives, automated flow-proportional control of chlorine dosage nay be 
acceptable. In the latter case, chlorine dosage should ba manually 
adjusted to maintain the recomimended end-of-contact residual at intervals 
of four hours or less. Chlorine residual should te measured by the 
amperometric titration mechod. 

The chlorine contact chamber should be kept clean and the 
accumulation of settleable solids minimized - 

A.l«5 Anal}/tical methods for chlorine residual 

The orthotolidine-arsenite (QiTA) procedure is the most widely 
used method for analysis of total available chlorine residual In Qtntario 
effluent treatment plants > as the equipment and procedures involved are 
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¥ery simple* However, the OTA method has teen shown to te unreliable and 
it should not te used where accurate determlnatiO'n is required. The 
diethyl-p-phenylenediamine (DPD) titrametric and colorimetric nethods are 
generally accepted for analysis of chlorine in potable and natural waters 
but are not widely accepted for use in effluent. The iodometric method is 
presently the standard against which other methods are assessed « The 
amperometric method using phenylarsene oxide solution (PAO) is' generally 
accepted as the best field method for chlorine and it is extremely 
accurate* 

4 summary description of the iodometric and amperometric analysis 
methods of chlorine residuals is given in Table A.l. 

A. 1*6 Toxicity of chlorine disinfected effluent 

Chlorine residuals formed during effluent disinfection are toxic 
to aquatic life. The se¥en-day LC50 of chlorine for fish and invertebrate^ 
is between 0.08 mg/L to ^-^yt-er than 0,81 mg/L. To avoid sublethal 
effects, Brungs [21] recommended that total available chlorine residual 
not exceed 0.002 mg/L in receiving waters* 

A more extensive literature survey and discussion of aquatic 
toxicity is given in the separate companion report [22]. 

fci Disinfection with Chlorine Dioxide 

■^lative to chlorine and ozone, there is little information 
Available on chlorine dioxide as a disinfectant or oxidizing agent in 
effluent.^ Most published results are tesed on tench-scale work rather 
than pilot or large-scale studies* 

A«2.1 Chemistry of chlorine dioxide in disinfection practice 

In contrast to chlorine, disproportionation of chlorine dioxide 
Is minimal in water at or telow neutral pH- The degree of 
disproportionation increases as pH itic.reasMg above 7.0 and significant 
amounts of chlorite and chlorate fens are formed at a pH above 9.0 
«^e»rding to the following reaction 1 23,^24],: 

-^102 + 20H" — ► C102"' + CIO3-" + H2O iA,,7i 

The maximum oxidizing power of chlorine dioxide Is exercised when 
it is fully reduced to chloride according to the following reaction: 
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TABiE A.l. ANALYTICAL MTHODS FOR CHLORINE,, CHLOMIE DIOXIDE MiB OZOiE RESIDUALS 



'Ee si dual 



MethodolO'gy 



j^g^ ' -zr=^::^j^-—~' — 



Coiments 



Chlorine Amperometric titration [17,69] 



- Differentiates between free available chlorine, 
monochloTaniliies and dichloramines 

- B'es.t available methodology in wastewater effluents 



Chlorine 

Dioxide 



lodometric t: it rati, or) [69j 



- Does not differentiate between free available dilorine and 

mo'nochloramlne 

'^ Due to wider range 'dt analytical flEt'fcod, ft ig the. heyst 
methodology for analyzing concentrated chlorine solutions 



Am pe r o Trie t r i c t i t r a 1 1 o n ! 6 9 ] 



! teJ-===M 



lodometric titr.iLiOa [b9] 



- Dif ferentiates tetween chlorine dioxide, free chlofifiej 
combined chlorine and chlorite 

'- Best nethodology in wastewater rffluents 



- Diflerentiates beLv/een chlorine dioxide,, LoLal available 
c h 1 o r i n e , and ch 1 o r 1 1 e 

- Dae to wider range ol analytical nHthod, it is the test 
methodology for analyzing chlorine dioxide., chlorine and 
chlorite in concentrated solutions 



Modified DPD method [1,25, 70] 



- Accuracy depends on ability to differentiate small 
differences in colour 

- Subject to interferences due to other coilour-foming bodies 
* Best methodology for analyzing residuals in ^ter 



" " -r---- -- r,- 



r-^"-"- I^rrT^'-:^-!-^ 



Acid chrome violet K (ACVK) - Specific for chlorine dioxide 

Spectropliotometric method [71,, 72] - Suspended sollde interfere and miist Ki removed by 

centrifugation 

- Equlpinent Is expensive 



miLE 4*:i.* cooifT'':D> 



Cotimeiit^s 



Eesldttal 



Methodology 



Electron .spin rea.O'n.fliicfi:. methoid,. 



■■- Specific for AloTine dioxide, 

— EquipiiBiit is lextremely expensive and analjs.l:& is time.. 
■conS'Uiiing 



Ozone 



Amperoiietrlc titration [68, 69] 



- .B:esf nfethoitiQlo.gy in was..tew'ate:r e.f f lueTnts 



lodometrlc titration [68,69] 



Be,B.t' ■me.thod-QlQgy Sot .analyzliig oaoae in the^ .Bon'cant'Eated 
gas stream 



Ferrous iron oxidation 



- Method appears to give low results-' 



Orthot oil dine -manganese 
sulphate (OTM) method [68, 69] 



High oixide of naanganese concent rat loiii in original ganiple 
interferes 



fisible regioo spectroiphotometry - Detection Units tor 1 cm cell are IQi "^H 



Oxidation of leuco crystal violet -Newest technique. Currently under Investigation 



CIO'2 + 4H+ + 5e —* CI" + 2H2O, E^ - 1.95¥ (A. 8) 

In this reaction J the change in oxidation state is from C]"*"'^ to 
■.CI" . Tlie oxidizing powei of chlorine dioxide is, therefore j approxi- 
mately 2.b times gitater (on a unit mass teals) than that of chlorine. 
Howe¥er, reaction (A. 8) loccurs onl}' at pH 4,0i or lower. 

Between pH ib.O and H,0, the range normally encountered in water 
and wastewater, chlorite rather thao chloride Is the usual end-product of 
the following the disproportionatlon reaction [25]: 

CIO2 + e -^ CIO2"; Eq, = 1.1 5f CA.9) 

This reaction represents a change in oxidation state from Cl"''^ to Cl^"^, 
Only one-fifth of the total oixidiaing potential of chlorine dioxide is 
atilisei.. 

Chlorine dioxide reacts selectively with organic compoiunds In 
water and wastewater. The reaction mechanisms Involved may te very 
complex |[2b,27]. The reactivity of chlorine dioxide depends on the pH as 
well as the concentration and strncture of the organic compoiiEds , In nost 
organic reactions » at a pH between six and nine 5, chlorite is the usual 
Inorganic end-product. 

Chlorine dioxide lias been applied for many years in water 
treatment plants for destruction of phenols. Various organic end-products 
have been reported and the exact mechanism of phenol destruction is still 
not well understood [25 /lb} ^ An important characteristic of chlorine 
dioxide as a disinf tctant in water or wastewater is that it does not react 
with aimiBDnia or nitrogenous compounds to torin chloramines or Nl-chloro- 
organic compounds ► Therefore, unlike chlorine j bacterial inactlvatlon is 
believed Co be caused by molecular chlorine dioxide. Recently, it has 
also been found that chlorine dioxide does not fom chloroforms, which may 
be carcinogenic, in reactions with humic acid and other haloform 
precursois 124,28], 

Ai2*2 Adequacy and efficiency of chlorine dioxide as a disinfectant 

Chlorine dioxide has Ibeen demonstrated to be a much superior 
bactericide, vlrucide and sporicide to chlorine at lower dosages and 
contact times [14,23,29,30], This is usually attributed to chlorine 
dioxide's selective chemical reactivity. The relative dosage of chloilne 
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and chlorine diO'Xide required for an equal degree of microorganism 
Inactivation varies with both water quality and the organism under 
consideration^ However, in most studies, it has teen found that the imjor 
portion of inactivation with chlorine dioxide occurs in the first 60 to 
120 seconds of contact time, with inactivation essentially complete after 
iim mnutes [31,32]. 

l^Mlade e^ al_ [31] and Smith and McVey [32] postulated that 
bacterial and ¥iral inactivation nKchanisms are similar* Chlorine dioxide 
first concentrates on the envelopes or capsules of microorganisms, then it 
diffuses through the cell walls and inhibits protein synthesis. The 
O'Verall bacterial inactivation rate is controlled by this chemical 

^ I^BEtion step* Viral inactivation rafc is controlled by a chemlsorption 
step due to the low lipid content on viral envelopes. 

$, # f '» 3 Effect of effluent quality on chlorine dioxide disinfection 

efficiency 

Bactericidal efficiency of cfilorlne dioxide has been observed to 
,be unaffected between pH 7 and 10, but was significantly enhanced when pH 
'wAb lowered to 4,5 [32], These observations CiOnforra with the chemicaj. 
behavior of chlorine dioxide in various pS ranges. 

Bernade _et_ al_ [31] observed that the tectericidal efficiency of 
chlorine dioxide (on E^ coli ) w-as significantly reduced when temperature 
was progressively lowered from 32°C to 4°C. However, In two recent 
studies J Geisser and Carver [14] and Smith and McVey [32] concluded that 
after five minutes contact time| bactericidal efficiency of chlorine 
dioxide (on fecal coliforms and Poliovlrus 1) is not significantly 
different for temperatures of 32° and 4°c;« Smith and Mc¥ey [32] claimeil 
that although the initial rate of disinfection may te reduced at lower 
temperatures, the total degree of dislnf ectiO'tt achievable at the end of 
five minutes or longer was unaltered over the temperature range 
investigated (4°C-32°g,}* 

Geisser and Garyer [14] claimed that BOD5 is the only 
i, 'pfiysical-cheiiical parameter than can significantly reduce the tectericidal 
efficiency of chlorine dioxide. This claim agrees with the observation 
made by Smith and Mc¥ey [32] that the presence of cellular iiaterial 
.Interferes with viral inactivation by chlorine dioxide. 
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Once-thorougli mxittg tetween chloriine, idloxide; and the 'halk, 
affluent is ac:hle*ed, In, ■cantrast to dil<3^rl.ne,g aftd, its.: .ef fe.ctlvenesB' Is 
:a©'t Blgnlf leant If aff.eG.tea Ibf furither ittcrieaBes In. nixing Intensity [32 J* 

:,t: , S . * Statg-Qif-the-afC in, G.hldirl.ne dioiaelde generaJbion. and ilaitt£e..ct:ioit: 

C:urreiit induS'trl.,al proeesses ,fo.r the genera 'tion. of 'Ch.l-or,tiie 
ttoglii:' are. ba'sed upon" ra.aeti,on;s 'between ;»o.d,i.iiiii diloi,ratei, ,a .rBdii.cing. 
.fl,ien,£.s ani .3 ltifdr.ogen .ion. s©urcei, 

iaClOj, + lieiuclng ,Ag..e.iit C'E+) -*■ CiOg + try -'products CA.IO'J' 

fhere aice at le.a.st a±x ■well-est.abll.iS-hed pEO''C.e.sBie'S wii,.icti, ns.e 
ilfferent fe.do..c,iiig agettts (e*,gi, sulp'hur dioxi'de,.,, inf4r.0chloirlc or 8ijlpliuE.tc 
.acid) to prodMOe .chlorine dloi.xide and dlffe:remt bf-p.ro.d:ucts ani co'-prodncts 
133']' ... Mo'gt la,Tge-sicmie pf'0*esse:& are Bot readily adaptable to se'rvl'iig .the. 
Be«dB 'Of 'water or- wa.stewatar traatnieat. Tliey .'tend to te' iBapl"t,al Intenalwe 
,and riBq'ulre, aikilled Gp-e-ration and icar.e.f'ul c.on,trol* la addition, they -arie 
insually only ec,Oin;0''mlcal at ■pro.d'ii.ctio-E 'rates far ^great'e'r than,, thoai.e riequiBed 
fior treat meat plant nse * A requlreiient of a 'oh,lorifte: diQiXld.ii gi'iaeratiGin 
ppoces,a is -iii'iainiai cQ^-pro4uct,ioii. .of diloriiie,,. Otlner bf-:produc,t,s. alsQ^ 
eboraid '18 ...lii,ii..O"Cu,oi.uii in ord'S't to., avoid '-waste dis:pOi.sal pr'Q"b,le:ii.B . 

In 19:77, 1100 Ca,na,.da ann-O'iyinced that, it had iesi.ififed a chloratie*- 
%aLfled piro.eiegs which mst the reqii±'re'ment.s 'for treatment p,Ia,.ni't mse aai eofuld 
jp'roduce. chloTinia .dioxide ■cheaply a't rates of 22.5 Itg/d (0.2.5 too/daf-) or 
ittore: [.34 ]» A .prototyfe plant has yet. to be: CQnatructed. This 'proceas 
uses aulphur dioxide, air and :3o.di'uii. chlora'te toi produ.c.e: Alo'Elne. dloxlift 
.aad, s.o41.oai^ sulphat'e' ■aG.card.ing 'tio. the .fo:liowl.'ng ow.Bra.:ll react icsal, 

,S02 + 2.MaCl03 ^ Mm^ '+ Na.-|S0'.4 ,,, |A.ll| 

The :ichl.orine co'.iit.e..n,t of th,e final aolut.ion is pr'Bdicted, .at eight 
percent 'or less: of the chlo'rln.e dioxide caint.ent on. .a ■weight /weight Msls:.* 
Chlorine dioxide- prO'dii,e.&d Is ini|ttedi.ate..ly ahs:orbfi.d I'ntO' wate'E' and is 
available a-s a .solution at any iesi'Ee.-d coiicetttratlQn up 'to- 20i- g/L- This' 
|i-rO'Cies.s is .claiiied to iae fully automatei. and s'.linple: toi :oip&rate, Thie lower 
lliiit of prdductlo'n capacity is syiltable. ,f.or IPCP's >45 OOO' ii'3'/d (10' Imgd) 
«,r .large't,... Hio«»w^]5,; it: is posB..ihle that furt.her sc-.al'e-dp«n cfl» M 
&c.hiE¥'ed .. 



108 



The system has a much higher capital cost than the chlorite-based 
proc^ fcscribed telow, but thift ^mt im.. >^M±med to be offset ^ ^^m 
Operating costs « 

%i- 'Chlorine dioxide generated in water treatment plants is 
usually produced ^ ^l^fug sodium chlorite with chlorine^ hy4r:gchloric 
acid or sulphuric acid as follows; 

NaC102 + CI2 ~J£L_Q^JaS04*ci02 + by-products (A. 12) 

^^^ chloride or sulphate is the major by-product of chlorite-based 
^w^mWB^ and the chlorine ^f^^oduced is usually five ^rcent or less stf 
the chlorine dioxide produced* Yield of chlorine dioxide, based on 
chlorite, can ibe 95 percent or tetter in a well-controlled process. 
However, at most of the North American water treatment plants using 
f'hlorine dioxide for taste or ^fe <^^trol, low yields are obtained 
because sodium chlorite and aque^ns Alsrlne tffe all.QWed to react in a 
poorly controlled manner. A high yield from chlo'rftB is desirable Eince 
it is an expensive chemical and largely determines the use-cost of 
-thlorlne dioxide, especially in plants with design capacity of 4500 m^/d 
(1 Imgd) or larger. The high cost of sodium chlorite it not surprising 
since it is produced by reacting chlorine dioxide with hydrogen peroxide 
in a sodium hydroxide solution. The Mathieaon dry chlorine-chlorite 
:^«yfSl!4rtll system, and tlte" -ra'ftfw Al^pt'tft Jcidif ication system are two 
well established chlorite-based processes. Descriptions of both processes 
€an be found in the literature [35,36,37], but neither process is 
^rrently available in the form of a proprietary unit. 

A small chlorite-based proprietary process developed by the CIFEC 
^^^^ of Paris, France, has recently teco-me available [38,39], In this 
proc.e^4, ,^lie©^t chlorine is reacted wlti ftop£e:ntrated sodium chlorite, 
fclution in a small PVC column^ as follo-wgi: 

CI2 + 2NaCl02 in aqueous solution ^ 2CIQ2 + 2NaCl (A. 13) 

^te 'ffillq'we feature of this pf6.€is« Is that chlorine withdrawn 
t^m * ;^lJlfer through a standard chlorinator is immediately dissolved in 
W^^r m a conciOtlJIttatt pf approximately 5000 mg/L In a continuous 
recjcling loop.^ M tllfe 'rdlution pH i§ consistently telow 2.0 due to the 
M^ cblorlae concentrations, rapid att4 eomplete utilization of sodium 
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.ehla.ritfi results upon mlxlag of the chlo-rine and ■sodiiimi, chlOTlte. seltttlojis* 
fiield Is clatnBd to te ibetter tban 98 perceat with respect t© sodium 
cTnlorlte and the eoneentration of ■■co-pro'dii.eed chlorln© Is Imss' than ana 
■gereeat of the ctiliorlne ■dloxi^de cO'acentratlBn* This siysteii Is currently 
:a5?ail,abl;e In ieveral capacities-, raii,g£n,g ixom 4.5 kgi'i (l© I'b'/daf) t» '9"0'.0' 
kg/dl CI tom/d,.af). lutoniatlc real-dual cointr-ol equipment can. 'be: aidai aS: att 
option.' TbiB pro.ductioin fate of AlO'rlne dio'xidie is altjered In mine: 
dlsGret-e stepiS hg tte. :ftl,f»#l, genfi.Em;t:ed' ±p the tlam |jr'of:0'ict:lanal/res:td'Mil. 
■Eipfftroliers. 

This pro'Cfi&Si Is' EepQirtedly [38 J; ■beimg used In tr.eat.iiie.iit pMats im 
JFrasce, hiit tbfCB. ■ar# ao> tto'rth AMerleam las,tallatlon.s at pfes'emt,, 

A .• t « 3^^ :&n,alyt:l.eal netThO'ds f'oT chlo'rlne dloxtdiS and' ita ca.-'pro'diic.te 

Thera are se¥eTal nettiotis .airallahle fO'r fie..as'uxing, concent ratloaii 
.of chlorine dfo'xide and Its co-products ill ■■wastewate.r.. laeh majtbQd ha,© 
.•advanta.:gieBi and d±sa4ia.nt.ag:es ^ Ilfcie mfi:thofi sele:ct.ed depends on< the- 
phirsical-chemlcal ^quallty of' the ■effluent as well as. the specific 
KequlremeBts of the analftlcal result. A/brief suiniiary of five dif'ferettfi 
..aflalytical iiiBtho.ds is Include'i in Table A*l* 

A. .J Olsiaf e.ctiG!n with Ozoam. 

A«:3^» I Chemistry af o-aoine In dislnfecti.O'ix praetiGg 

Bacterial dlBlnfectloin with ©,z.6ne would .ap.peai tor bo related' 'to 
l:ta Bpioatanearus .deco'ii;pDsitlon react Ion [40Ji 

'f'be nascent .Myfen (O") producei Is •capahie of high enaEgf' 
oxidation via a free radical r.eactiioin.^ There' .are two mechamlsms poa.tiii..latiejd 
for bacterial Inactlvation. The first suggests- QX,ldat.lon oif the cell wal:! 
[41,42,43], and is supported by the oibservatto*! of ' Elniian |[4fl] that 
ozonatttd bacterial cells, viewed ¥ia electro'n ■iid.cro.s.espy | -did not ret.ain .a 
rigid structure and appeared to have burst. The sec;ottd .iiecha,B.ls=ai ±:s by 
inactlFation of essential enzynes [44,45] « 'In elthet easB,, ba,.et.i5i.iLl. 
inactivation would require penetration of the cell, ine;Bi:b:r.a,ne * 

As the bactericidal properties of oz.oin.e are Eelated to Iti' 
spointaiieous decoiiposition, Its effectiveness illl. te « fiJietloii of .fite 
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residual ozone concentration^ Some investigatO'rs [46^47] sugge-St that 
this would Imply oxidation of pollutants in the effluent prior to 
disinfection. Other data [44,48] does not support this concept. Nebel 
e|_ al [44] state that It would he doubtful that ozone could discriminate 
between organic coritaminarics and microorganisms conposed of organic 
compounds t 

The findings of Leiguarda e£^ aj^ [48j imply that by-products of 
the ozonation of effluent may have additional teictericidal effe|cts« The 
bactericidal effects of ozonation by-products or ozonides were Ifirst 
l«testigated by Stumm [49550']. Organic peroxides (e.g., hydro-jpero'Xy 
alcohols) nay he produced and are probably stronger disinfect arits than 
hydrogen peroxide as they are more prone to decomposition [49]. 

Se¥eral investigators [51,52] have observed that at lo,w ozone 
dosages, the BOD'5 of O'Zoaated effluents co'uld be greater than the 
influent B0D>5« This pehnomenon could result from the conversion of 
refractory or non-biodegradable ^terial in the effluent to biodegradable 
products ¥ia oxidation [52]* 

A. 3. 2 Ad_eg_uacy and efficiency of ozone as a disinfectant 

iumerous exaDaples have teen reported [44, 52-57] of the successful 
utilization of ozone as a disinfectant in tench and pilot scalei studies on 
a ¥arlety of effluent streaiis^ Effecti¥e dosages and contact tlimes ha¥e 
ranged from 0.1 to 50 mg,/L and froin less than one minute to 20 minutes 
depending on the bacterial and physical-chemical quality of the effluent. 
In biologically-treated effluent, ozone dosages from 5 to 15 mgi/L and a 
contact time of five to 20' minutes , are generally required to achieve 
total collform survival densities, of lO'O to 1000 per lO'O mL. 

Often, the contact time and dosage required for ozone disinfection 
is significantly less than that required for chlorinatlon* Additional 
advantagee of ozone over chlorine include its superior virucidal proper-- 
ties [55^57,58], as well as upgrading effects associated with ozonation 
reactions [51,52] « These upgrading effects include a reduction in suspended 
solids, GOD, colour and turbidity, oxidation of nitrite, destruction of 
cyanides, BAS and LAS detergents, and increases in disinfected effluent 
dissolved oxygen concentratioin. 
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^•3*3 Effect of effluent quality on oz'one disinfection efficiency 

Numerous la-boratory studies [ 59, 60', 61 ,62] have been carried out 
«n water having little or no oz'one demands Under these co'nditiong, ozone 
has been shown to be an effective tactericide, sporlclde, cysticlde and 
viricide at low concentratlO'ns (0.1 to 3 mg/L) and low contact times (five 
minotes or less). The addition of small amounts of organic contaminants 
has resulted in a sigiflcant increase in ozone dosage required for 
comparable inactlvation [59]. In one study [63], an increase in ^Mter 
turbidity from a level of 4 mg/L to 50 mg/L increased the necessary ozone 
doLsage three-fold. However, the quantitative effects of demand on ozone 
dosage appear to be specific to each study. 

In wastewaters, batch tests have confirmed that the 'Oi^ffie demand 
exerted by organics increases required dosages to a range of five to 15 
mg/L and contact times to a range of one to 20i minutes [59,64] . The 
presence of nitrite similarly increases the required dosage. 

Ozone disinfection is not significantly temperature dependent in 
the range of 0" to 20°C [64]. For a given tacterlcidal effects Gabovlch 
[63] determined that a slight increase In ozone dosage is required for a 
large Increase In temperature. 

Gabovich [63] also showed that althoufR ozOTfi utillzatfott 
efficiency decreases with an increase In pH, the tectericidal action is 
not affected. 

#»l«4 State-of-the-art in ozone generation and disinfection 
Uzoim Is usually produced by one of three techniques t 

1) electrical discharge-ij 

2) electrolysis of perchloric acid, or 

3) ultraviolet lamps. 

The only practical method for '&:Cg,g-scale ptotfilCtion has been 
electrical discharge [40i,41,42]. The reaction equation is given byt 



Ml 'Silent electrical ^^ 
'^ discharge ^'$. 



(A. 15) 



The feed _gas can be air, oxygen-enriched air or pure oxygen [65]^ 
but must be free of moisture to prevent the formation of nitric acid from. 
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nitrogen pentoxlde (N2O5) and water. The presence of moisture enhance 

N2O5 production and accelerates ozone decomposition, thus reducing generatio^n 

efficiency i[58,65j« In .addition, the accumulatl^. ^^ nitric add 1$ 
detrimental to the ozone generatO't. 

te^» .generators are cli¥ided into two main classes [58]: 

1) tubular electrode type, and 

2) flat plate type. 

Electrical utilization generally ranges from 15.4 to 2,2 kWh/i^ 
(7 to 10 kWh per pound) of O3 produced from an air feed stream [58], 
Ozone yield from a pure oxygen feed can be expected fo be from two to 
2-1/2 times that from an air stream [65], reducing power utilization to 
^.6 to 1 kWh/kg (3 to 5 kWh/pound) of ozone produced. Ozone ^M^^ntration 
in the product gas has ranged from one to two {Krcent by weight in an air 
stream to approximately three to six percent in an oxygen stream [58] » 

Lacy and Rice [66] reported that three sewage treatiient plants 
practised on-line full-scale ozone disinfection in early 1977. The plant 
size ranged from 1900' to 11 400 mS/,^ (0.5 to 3 mgd). In addition, six imre 
plants, ranging In size from 7600 to 132 500 m^/d (2.0 to 35 mgd) were under 
construction and due to te commissioned by the end of 1977. Most reported 
studies at treatment plant sites ha¥e teen confined to pilot-scale worfe, 
Details of these studies are summarized below. 



Location 



Louisville, 
ly. 

Grandville, Mi. 

Wyoming, Ml. 

Millvllle, N.J. 

Hatboro, Pa* 

Philadelphia, 
Pa. 

Redbridge, 
London J England 



Type of 
Effluent 



Packaged activated 
sludge 

Activated sludge 

Trickling filter 

Contact stabilization 

Activated sludge 

Pilot oxygen enriched 

^tivated sludge 

Trickling filter and 
microstralner 



Plant Size 
Igpni L/min 



64 



50 



2m 



145 



22/ 



Preference 



[52] 

[53] 
[53] 
[44] 
[44] 
[44] 

[67] 
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A. 3. 3 .&nal:yti..e.al me,.t'hod4' f-e-r ozone. 

rhere are several ■.nethods availdMe for tha analysis ■of oa^ne^ in 
water and wastewater* The&e analytical procedures .are sttimarlzed la. Table 
A.l [68,69], 

Most netliods &m llffliteJ In that they are not .specific to ozene,, 
Since coincentration of total ogcl.dant.s ii tte paraiieter actuallf measuried*. 
other oxidants such as clilo'rfne amd .lo'dine. .■can ■poten.tial.ly lntie.rfe,re mth 
the procedure. 

A . 3 . 6 Toxicity of oaone dlsinfiected effluent 

A study of secondary effluent by Vemosa and Ward, |[5:.3'J in:.d..te.at.e.d 
that the toxicity of the untreated effluent (TLeo values' froim 3B. to 81 
percent effluent) was eliminated by ozonation coupled wit.h filtration-.* 
Exposure of fish to ozonated effluent immediately after o«iOne. addl£lo..a,!. 
(residual Oj concentration 0,0i9 to 0.29 iig/L) caused mort.a.lity but was 
less toxic than either chlorinated or dilorobromlnated effluent,, lowever,.. 
it was felt unlikely that any toxicity arising from ozonated .efflnent 
would exist in a receiving stream as ozone dissipates ra.pidly*. The woirk. of 
Nebel et al [^!4] demonstrated that residual ozoae in secflndary ■efflpftat 
dissipated in about lOi seconds. 
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APPENDIX B 

HYDfcXIJLIC aL\Bi\CTERlSTICS OF CONTACT CHAMBE.^' 

"^P tracer tests were performed tO' determine the hydraulic 
charaeteristlcs of the chlorine, chlorine dioxide, ozone and sulphite 
.contact chambers at various nominal hydraulic retention times. The 
conclusions are summarized in Section 3. The data are summarized in Table 
9 and are reproduced for reference in this Appendix as Table B.l. A set 
of conventional hydraulic characterization values anticipated for a 
iS^gltudinally teffled serpentine contact chamber having a length-tO'-width 
ratio of 40:1 Is also included, based on the results of Marske and 
Boyle [1]. 

From, the results of the tracer studies, the degree of short- 
circuiting in every contact chamber can te co^nsidered n»derate. All the 
experimental values of (T^/Tj^), the ratio of the time of first appearance 
of dye to the nominal hydraulic retention time, are within the rang# 
anticipated for a hypothetical serpentine contact chamber which was 
recommended as an adequate contact chamber for effluent disinfection [1], 

The Morrill Index (MI) Indicated that the degree of teckmixing 
was moderate in the chlorine dioxide and sulphite contact chambers, and 
severe in the chlorine and ^^^m' contact systems. Back-mixing in the 
ozone system, particularly in the first column, was due to the highly 
turbulent two-phase (gas-liquid) flow In the columns. 

With the chlorine contact chamber, the tracer tests at a nominal 
hydraulic retention time of 15 minutes were done at the start of the 
study. Due to the large MI value, additional toffies 5 and 6 (Figure 4, 
p. 25), were Installed^ however, the tests were not repeated at this 
retention time. The improvement in MI at 30 and 45 minutes nominal 
retention time may be due to the improved tef fling, although the increased 
^tter depth froTO 0. 9 m (3 f t ) to 1.5 m (5 ft) and reduced flow rate may 
also have affected the hydraulic characteristics. 

The indices of modal tiiie (tp/t^^) imply that the major volume of 
the disinfected effluent in each contact system was retained for a probable 
retention time of 50 to 70 percent of the nominal retention time. The 
average retention times (tg) were fairly close to the nominal retention 
times (tj^)» In rost cases, the deviation tetween tg and t^ was + 10 percent 
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TABLE la. MIXIIG ClftMCTlKIiTICS OF .iQOSTaCT 'attlSllS 



Contact Chaiiber 



L/mlti, (Igpniji. tj^ Ciiln,) t±Jt^ 



tp/tn 



Morrill ladex (Ml) 
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»— » 
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* .Average, llquti ide'ptlis In the chlorine icontaiCt cii,a:ii]ibe,r ■were ■laaintaiiied at ■Q«8 m ,(.2,,., 7,5 ,ft) ,fgf 

15 .■miButes ciOin,t,ac,t tlmiE and, 1.5 m C4,,., 75 f't,), fair 30 ,aii,d '45 minutes contact tlime:* 
**ea,s flow tmtm 'Mm coluMia .(L/iiiti,.),. 
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Qe, 
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- tiiie wh,:en, flEst trace of liye appears Cmin) 
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,i.-_j». -sit—„ 
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In the chlorine dioxide contact chamber, backmlxlDg was slightly 
higher at Intermediate positions dlong the chamber than at the discharge 
end« The weighted average detention times were within 10 percent of the 
nominal detention times. These nominal detention times were calculated by 
proportioning the total contact time by the ratio of the length of the 
flow path at any sampling position from the contact chamber inlet to the 
length of the total flow path. 

Because the mixing time In the (chlorine) cyclo-iiixer was 
extremely short, a proper dye-tracer test could not be conducted. 
However, when a small amount of dye was added, it could te seen that a 
homogeneous solution vias produced almost instantaneously and was 
completely discharged in six seconds » 

1* MarskiB, D,M., and J.D. Boiyle, "Chlorine Contact Chamber D'esign, A. 
fiftld ..Evaluation" Water and Sewage Works . 120i(l):70', 1973. 
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APPENDIX C 
METHODOLO'GIES FOR MCTEIIOLOGICAL ANALYSES 

C« 1 Indicator Bacteria 

C. 1 . 1 General 

Test volumes were selected to provide a countable number of 
colonies on membrane filters, within the ranges of 20 to 80 for total 
collforms, 20 to 60 for fecal colifoms and 20 to lOO for fecal 
streptococci. Where the counts exceeded these upper limits, the count was 
reported as greater than the upper limit times the dilution factor 
required for conversion to a per 100 nL basis. I^ere no colonies were 
evident, the count was reported as less than one times the dilution factor 
required for conversion to a per 100 mL basis. 

Membrane filters for total coliform deterninations were incubated 
at 35 + 0i.5°iC in an air incubator. All tube and solid media used in MPN 
determinations of total collforms were incubated in the same nenner. EC 

broth for fecal coliform MPN's was incubated in a water l»th at 
44.5 + 0»2°C. Membrane filters on m-FC medium for fecal collforms were 
placed in water-tight plastic tags and submerged in a water toith at 44.5 + 
0.2°C for 18 to 22 hours. 

Ail dilutions were completed with phosphate buffer, pE 7.2. 
C.1-2 Total collforms 

Test volumes of appropriate dilutions in phosphate buffer, pH 
7.2, or undiluted effluent, were passed through a 0,45 pm membrane 
filter, which was in turn placed on LES Endo agar (iJlfco) and incubated 
for 20 to 24 hours at 35 "C in a sealed chamber to provide a high humidity 
en¥lronment. All colonies with a golden-green metallic sheen were 
accepted as collforiis^ 

Milllpore Hii membranes were used for anal3fses in the first part 
and Gelman GN-6 filters for all determinations in the latter part of the 
study, 

MPN's were co^mpleted according to Standard Methods for the 
Examination of Water and Waste water, 13th ed . , American Public Health 
Association, Washington, D.C., 1971, Confirmed MPN's were reported for 
brilliant green lactose bile broth confirmations of positive lactose tubes, 
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and completed MPlM's for gram-negative, lactose-fermenting, non-sporulatlng 
bacilli as specified by Standard Methods » No attempt was made to exclude 
oxidase-posiLi\'e organisms in reported MM's, although they were found. 

C . 1 , 3 Fecal coliforms 

Test volumeR of umdilEted or appropriately diluted effluent were 
passed through a 0.45 lum membrane filter , which was placed on medium 
consisting of m-FC broth (Difco) with 0.8 percent agar (Oixold), Plates of 
Media and membrane were incubated by submersion in a 44.5 + 0.2''C water 
bath for 18 to 22 hours. All colonies having a distincti¥e blue 
pigmentation were accepted as fecal coliforms. 

Milllpore HA filters were used for samples collected in the first 
study period and only part of the second study period (February to May). 
Mlllipore HC membrane filters were used for all subsequent fecal collfom 
determinations . 

MPN'a for fecal coliforms were completed by inoculation of tubes 
of EC broth from positive lactose tubes and incubaticn in a water Imth at 
44.5 + Oi.2°C for 20 to 24 hours. Gas formation i.^dth growth was recorded 
as positive for fecal coliforms. 

Results obtained from parallel MPS and MF analyses for total 
colifoms and fecal coliforms are compared in Table C'.l. 

C.1,4 Fecal streptococci 

All determinations of fecal streptococci were made by the 
membrane filter technique according to Standard Methods , using KF agar 
(DiEco) as the growth medium. Plates were incubated at J5 + 0.5''C in a 
high humidity chamber for 44 to 4S hours » All colonies having any pink to 
red colouration detectable under a stereoscope at 1 5X magnification were 
repDrted as fecal streptococci. 

Milllpore HA O^^S pm membrane filters were used in the first 
part and Gelman GN-6 0i.45 pm filters in the latter part ot the study. 

C .. 1 . 5 Dispersal of bacteria in effluent iS-ample.s 

It is often questioned whether uniform dlBtrlbmtliorn of IndicattOT 
bacteria in undiluted and diluted effluent sampleB tS'. obtalBable-. by 
vigorous shaking because of adsorption and aggregation, ori suspeHdili 
particulate maitter. Investigations wiere thexsfoce conducted! am tkm 
Influence of mixing on cell dispersal. 
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TABLE CA. COMPARISON OF MEMBRANE FILTER AMD HPN COUNTS FOR TOTAL 
AKD FECAL COLIFOR^IS Its' DISINFECTED EFFLUENTS 



Type of 
Disinfectant 



Colif oriTi 

Group 



Number_of ComparisO'ns^ 



MF<MPN 



MF>tlPN 



MF = MPN 



Total 



Chlorine 



Total 2 
Fecal'- ? 
Fecal d f 



Ozone 



Total 
Fecal ^- 6. 
Fecald 3 



10 21 (75,0)b 28 

9 (56,2) 16 
10 38 (69.1) 55 

5 39 (86^6) m 

1 4 (36.4)' 11 

;i -2,9 (^l^n 33 



%lembrane filter and MPN considered equal if membrane filter count 
falls within 95 percent confidence interval for completed MPN » 

■^Percent agreement tetween membrane filter and MPN. 
*Millipore type HA or Gelman GN-6 membrane l.tityr, 
-Millipore type HC membrane filter. 



mixing methods were chosen for the study'l 

1) stomacher J 

2) blender at low speed, 

3) blender at high speed. 

All mixing times were two- altititeg'. Recoveries were compared 
a^to^t -ifeiken effluent samples. Undlsinf ected effluent was used in each 
comparison. The results mM ^»en in Table C.2. 

C-pnsidering that the counts are tased on a single filter, any 
differeftCes i^seysfd, ..'Ca'nnot te considered significant and do not 
demonstrate an Im^^^^ent in m^UI^^' ^ ^M method. 

•^»P' Salmonellae 

.^mples were neutralized with sodium thiosulphate, and delivered 
to the laboratory the same day for analysiS|i ^ ^ligsa^tf overnight and 
analyzed the following morning. 
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TABLE C.2» COMPARISOM OF BACTERIAL 1EC0'¥ERY FRO'M DIFFERENT DISPERSAL 
METHODS 



-^^:i^a;^r'~~"' ' ""' ^" -""--^-"'~~~~-^" 



Bacterial DeriBlty (per 100 iiL) 

Sample Indicator __^ 

Mumber Group Shaken Stomacher Blender, Lo Blender, HI 



1406 TC 1.9 X 10^ 1.6 x lo'^ 1,4 x lo'^ 2,3 x lOi'^ 

FG 1,8 X 10^ 1.3 X 10^ 1.7 x 10^ l.S x IOC 

Fff 8,4 X 10 9.6 X 10 7.2 x 10 9,4 x 10 

1411 TC 8.2 X 10^ 6«6 x 10^ 5.8 if 10^ 5,6 x 10^ 

F-e 3.0 li 10^ 2. a X lO:" 2.0 X 10^ 2.4 x 10. 

m 2.4 X 10^ 2.2 X lo'' 3.2 x 10 2.2 x 10* 

1540 T€ 9.2 X 10^' 1.2 x 10^ 8.2 x lo'^ 9.2 x 10^ 

PC ND ^ ND ND ND 

m 5.2 X LUr 5,6 X 10 5.2 x 10 4.7 x IQ-^ 

1518 TC 5=5 X 10^ 5.5 x 10^ 4.8 x 10^ 6.0 x 10^ 

IC 1.2 X lOr 1.1 X 10^ 1,2 X 10^ 1.2 X 10^ 

FB 8.0 X LOr' 4.5 x 10 3.0 x LOr 1,5 x 10 

man TO 3.1 X 10^ 3.1 x 10^ 2.7 x 10^ 3.2 x 10^ 

fC 7.4 X 10 5=6 X 10 6,7 x 10^ 7.2 x 10* 

Fi 1.6 X 10 1.7 X 10^ 1,6 X 10 1,5 x 10 



TC = Total coliforms 

FC = Fecal collforiiis 

FS = Fecal streptococci 

ND = Moi data 

One-litre sampilea were uBeid for recovery of salnioiiiellae . The 
first samples consisted of a single grab. l#ien recoveries were too low, 
composites of three or four grabs were used. This procedure significantly 
improi-yed recovery rates- Grab samples of imdisinf acted and disinfected 
effluent were collected at the same time- A diaiiifected sample was 
reported as negative for salmonellae only if the undiainf acted saiiple was 
poisit ive. 

Samples were filtered either through a membrane filter (Sartorius: 
No. 11306, 0^45 wa pore size, 142 mm diameter) or a glass flbrti filter 
(Whatman GF/Fs 4.7 cm diameter). A comparison of aalmonellae recovery by 
the two filters was made with 13 split samples, producing seven isolatlonsi; 
by both methods J, which indicated equivalent recovery abilities. 
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Filters were submerged in tetrathlonate brotti ^^^^ with 
brilliant green (1«0 mL of a 0»1 percent solution per 100 mL of broth) and 
t^»bated at 41,5°C. Selective media, which included XLD agar (Difco) 
with either brilliant green (B'G) (Dif co| m ,brilllant green sulfa (BGS| 
agar (Dlfco|'^ W '^th bismuth sulphite (BiS) (Difco) and BGS agar, were 
streaked after 24 and, in most cases, 48 hours incubation* Suspect 
€©lonie^. ^f# fished to TSI slants, lysine broth and ONPG-PA-M medium ior 
determination of teta-galactosidase, phenylalanine deaminase and motility* 
Indole «ffl A;termlned by inclusion of a test strip in the same tube* 
Those isolates biochemically typical of salmonellae i^^S confirmed with 
polyvalent antiserum by slide agglutination. 

C . 3 Bulk T Bacteriophage 

A culture of E_^ coli B^ suBeeptible to bulk T bacteriophage^ 
(Tj to T7 coliphage group) was obtained from the School of Hygiene^ 
Pttixecsitf of Toronto. E. coli R '^^m vsed mm a host culture. 

In the third and fourth stu% prlods (July 24 to December 20, 
1975), the method of enumeration used was base-d. ^ tto-t developed by Kott 
[11 and modified by Vajdlc [2], 

I:i feriods 1 a,^ i CFebrtiaTy to July 23, 1975), for unknown 
reaeons , a great deal of interference 'WSS. ^.perienced when the usual MPi 
dilution, gaiies i©#, used (i.e.j 5 x 10 mL, 5x1 mL, and 5 x mL samples); 
therefore, art ID50 n^fitei ^i€ jidfflJCt^» In this imthod [3], fi¥e host tubes 
are inoculated with equal trorum-fes of appropriate dilutions from a series 
^ g-onsecutive virus (effluent) dilutions; the number of infected host 
tules Cnum,b^' itf tubes showing phage Co te prQS,sa:tJ' is fises^dedj and the 
virus (phage) titre can te calculated » 

Five host tubes were inoculated per dilution, and the range of 
dilution was from to 10~3 to 10"^. The calculation of the virus 
titre was 1^ -^^ ^^g^'^Muench method. Where the treatment of the ef f lusrti.' 
^m& effective for virus destruction a 10 mL sample (in double strength 
medium) was included, which showed the presence or absence of phage in 
10 mL of effluent. 

References 

[1] Kott, Y., "Estimation of Low Numbers of E. coli Bacteriophage by Use 
of the ^gt Probable Number Method", Mcrobiol . , ]A, pp. 141-144, 
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^ Using the Most Probable lumber MettiO'd", Ontario' Water lesoio.rc.es 
G'0:iiii.lsslofl Res... Pu.'b.l« 26 ,,, r96.I-, 

[3] Hopk..ln.s^|. J.M«..j Vl.rpl.O'glc.a.l Proncedtires' , .Ititterwortlis ^ 1'9'67'.. 
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APPEND I I D 
OiPERATIO'NAL PEQiBLEMS ASSOCIATED WITH Til DlilNFlCTIGI SXSTEKS 



APPENDIX D 
aFEMTIONAL PROBLEMS ASSOC! ATBID WITH THE DISINFECTION SYSTEMS 

The chlorine disinfection system and the sulphite residual 

^^$^ m^$ ^m^l^ W' operate and no pro'blems were encountered. 

Operational proble«s evident with the chlorine dioxide and ozon^ 
disinfection systems are described telow. 

Si?! Chlorine Dioxide Disinfection System 

Consistently maintaining high chlorine dioxide generation 
efficiency ^§ the nejor operational difficulty encountered. Substituting 
"l^^tepchloric acid for sulphuric acid and increasing the ratio of acid to 
chlorite in the generator from 1:1,5 to 1:3 increased the overall genera- 
tion efficiency slightly. In addition, these ii»dif icatlons resulted in a 
^^M consistent generator efficiency. Small fluctuations in generation 
efficiency did not affect the analysis of tocteriological results which 
were assessed against Instantaneous dosage and residual* 

Interfereri^ <^0 ^^piently encountered ia, ^pff«ffletric analysis 
of chlorite concentration In undisinfected effluentt^a'' Specially in those 
^ ^K>r quality* The exact causes or interfering substances w^fe ^^ 
identified. 

Prior to the pH neutralization step (from pH 12 or pH 2^ tock to 
'•^ 'l|^ 3# ^ W^-'^ concentrated phosphate buffer (pH 6«8) solution were 
always added to the '^W aliquot samples used for the analyses of total 
available chlorine, and total available chlorine, chlorine dioxide and 
chlorite concent-rations during both dosage and residual analyses. This 
^^p is not included in Standard Methods for the Examination of Water and 
'Wastewater , APHA (1971) but was found to te extremely helpful in the 
prevention of "over-shooting" the final titration pfl of ?■§ 

S J Ozone Disinfection System 

After two ta thrMM lonthSs ttlfc' ;|^^^ain diffusers used for 
^^©Xti.J^ Ojg^Jts "^W Into the coatafit colunms were plugged by accumulated 
Brownish precipitates which were easily removed by washing with 
concentrated hydrochloric acid. This practice was continued on a 
bi-monthly tesis §m |@x.t l£ xa-ptine preventive maintenance. 
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APPENDIX 1, 
DISINFECTION OF SECONDARY EFFLUENT WITH CHLORINE 



TABLE E.l* CHS 


;.0R1NE DEMAND 


IN NON-NITRIF 


lED AND I 


ilTRIFlED EFP] 


.UENTi 




Conract 
Time 


Applied 
Dosage 


Chi 


orine Demand 


(mg/L) 


Type of 




Standard 


Number of 


Effluent 


(mi n ) 


(mg/L) 


Mean 


Deviation 


Data 


Non-nitrified 


15 


3.50 


3.21 


■%M 


1-f 


(Period 1) 


15 


6. 10 


4.97 


0/67 


8 




11 


■6.50" 


5.64 


0.47 


9 




30 


3.10 


2,37 


0.4d 


10 




3-0 


4.1U 


3.59 


0.36 


8 




30 


3.30 


3.45 


0.49 


10 




30 


9.10 


7.74 


0.25 


8 




4i5 


4.10 


3.63 


0.3^ 


8 




45 


8.00 


5.99 


0,16 


5 


Nitrified 


45 


3.34 


2.91 


0.04 


4 


(Period 2) 


X5 


4«67 


4.28 


0.13 


4 




IS 


4.86 


3.95 


0.20 


4 




13 


5.34 


3.88 


0.19 


4 




15 


6,b>0 


5.37 


0.03 


4 




15 


s,m 


3.69 


0,04 


4 




15 


7.99 


6.36 


0,03 


4 




m 


5.91 


5.37 


0.42 


4 




m 


.&..65 


5.36 


0.57 


5 




3D 


7.7-6 


6.92 


- 


-J 




30 


8.13 


7.0'9 


0.38 


4 




m 


8.87 


7.51 


- 


3 




3(T 


1K82 


8.04 


0.30 


4 




45 


5.21 


5.04 


0.03 


4 




45 


8.10 


7,18 


0.48 


7 




m 


8,B6 


7.72 


0.08 


4 




45 


9.26 


8.20 


0,10 


^ 




45 


10.42 


9.30 


- 


1, 




45 


1 1 « 5 7 


10.67 


~ 


I. 




45 


12.73 


11.47 


^ 


2 




k5 


13.89 


13.03 


«, 


1 




^5 


14.47 


13.49 


- 


I, 




45 


m,5^z 


15.00 


0.39 


4 
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lAiLi E.2,. meimcAL iquatioms relating to chloeike disinfection Mm 



;'-"-■ ■ -•'; -r^ — r;r^. 



1^ —„„--., - - 






Flgiire Study 
Numbe.r P-erloid 



Empi rical. Iquat 1o'Q.8 



11 



11 



13 



I & 2 Be-j^ - -0.25 + O'.BSD 



2: Leg ■ira^JmJ^ - -0'.747 #'5"6 



Z Loig (FC^/FCy)jj, = -0',747' d0-'2'6 

I Log (TCr/tC„),j^ = 1.47 R'O-. 453 

Lag mjTC^l^ = -l..rf M0^.i36 

Log (TCr/TCu>a - -1*12; = 5,12M 



Log (TCr/TCu).nj - -2.35 i0'.378 
Log (TCr/TCu)„ = -2.08 rO.310 



Log (FC^/TCy)^ - -2. §5 R0ai4 



l.q'iLia,tlo:E 
lumber 



Range of 
IniapeBdem-t 
¥aria'bles.^ 
Studied 



Numlbe r 
of 
Data Correlation 
Used Coefficient 



1 Ci> 



3, .3<D< 18., 5 
15.<:t«45 



m 



1 taj 3:.5<B<18,.5 

15<t<45 



23 



1 C3) 



3^5«D<18..5 
15<t<45 



23. 



E (4) 0<1<2*0 

t - 15 

E (5) 0<R<2.5 

T = 30' 

E (6) 0<1<0.8; t - 45 

E (7) 0'.5lR<2.7j t = m 



E (8) 0<M<4,,0 

3,0^£4j,: 

E (9) Q«l<3.iOi 

t =■ 15 



E (10) 0<m<4....0i 
3jOi<t<45. 



13 



i Log CFS,.jj)jn - ■Q,m + 0«6§ Log itC^}j^ E (11) LCKTCj^l x 10^ 



1^' J Log (FSp)n - 0,17 + 0»36 Log m^}^ 1 ClZ;) 10<TCr<l x 10* 



0.:'i75 



-04 772, 



^0...48 



12 


-0.724 


11 


-0.917 


4 


-0.906 


5 


- 


rt 


-0.967 


i 


-Q'.:?7i 



-Q*,773 



0.991 



0.870 



isfc: J^. .ia, .«. ill.l*' 



TABLE E«3. TOTAL a)LIFOffi fflD FECAL COLIFOM REDUCTIONS WITH RES?^y TO OlLORINl DOSAGE IN 
NITRIFIED EFFLLiEKT (PERIOD 2) 





Contact 




NuiTtoer 


Res idual 






^u 






rc. 




Log Mean 


1 


'% 




— 


FC, 




Log Bean 




Time 


Dosage 


of 


C mgi/l ) 


_(jDer 


100 rrt_) 


Cper 


100 nl_) 


^X%/TCu^ 


(per 


100 


rrL) 


(per 100 


nL) 


(FCr/FCy) 




(min) 


(mg/iL) 


Data 


X' 


S' 




X 




s 


X 




s 




X 




s 




X 


S 






m 

II 


S*« 


4 


ii43 


0.04 


fcSl^ftf 


1*« 


1*.S X 


10 


4 2-12 

4 1-0 
t 1.16 

t 1.46 

2 1.03 

^ilos 


-1.69 


I-!: » 


vol 


1.20 


7.1 


X io!l 


U5D 


-2.19 




4.67 


4 


0.40 


0.12 


8.0 


X 


10 ^ 


1.0 


2,0 X 


10 


~K60 


6.0 X 


10 

loi 

10^ 
10 


1.00 


1,2 


X 10; 
X lOl' 


1.00 


-2 ,.70 




1 


4«86 


4 


0.91 


0.04 


9.8 


X 


1.52 


3.0 X 


10 


-1.51 


8.2 X 


1.34 


1,2 


1.04 


-2.84 




5.34 


4 


1.46 


0.19 


4.3 


X 


10 5 

10 ; 

10 " 


1.39 


6.4 X 


10 


-2.83 


4.7 X 


n?i 


2.1 


K IO2 

X K\^ 
X 10:; 
X 10^ 


2.85 


-2.35 




^ 


6.60' 


4 


1,24 


0.03 


9.2 


X 


1.19 


3.0 X 


10 


-2.^9 


5.3 X 


1.20 


3.1 


1.22 


-2,23 




m 


6.68 


^ 


2,99 


- 


2,7 


X 


- 


5.4 X 


10 


-2.70 


2.1 X 


- 


8.0 




-2.4 2 




i$ 


7.99 


f 


1.63 


0i,03 


8.9 


X 


1.22 


3.7 X 


10 


"2 . 38 


6.1 X 


1,28 


4,2 


1.17 


-2.15 




m 


5.91 


i 


0.55 


0'.04 


1.6 


X 


10 - 
10 4 
10 ^ 


1.10 


2.5 X 


10 


^ 1.10 
2 2,. 04 

I i.m 

1 


-1.81 


8.9 X 


10^ 


1.16 


1.0 


X lof 


K19 


-1 .95 




'^ 


6.65 


0.69 


0.10 


1.6 


X 


1.32 


3.3 X 


10 


-1.69 


8.2 X 


10-^ 


1 .86 


5.5 


X 10 


1.32 


-2.17 


f^ 


-M 


7.76 


3 


0.84 


- 


7.7 


X 


- 


2.B X 


10 


■^2.44 


f,.6 X 


~ 


1 ,5 


X 10 


_. 


-3,03: 


-^ 


m 


8.13 


4 


1.04 


0'.04 


3.1 


X 


1.47 


7.2 X 


10 


-2.63 


9.8 X 


10^ 


1.09 


4.1 


X 10 


U15 


-2.38 


w 


m 


8.87 


3 


1.36 


- 


2.3 


X 


- 


7.2 X 


10 


-2.49 


1.2 X 


- 


5.2 


X 10 ' 




-2.3S 




50 


11.82 


4 


4.10 


0.08 


4.1 


X 


1.25 


4.2 X 


10 


' 1.65 


-4.00 


1.7 X 


10^ 


1.27 


2.0 


K 10" 


KO 


-3.93 




^^m 


5.21 


4 


0.17 


0.03 


1.7 


X 


10 J 
10 ^ 

10 ' 

10 ^ 
10 ' 


1.48 


1,0 X 


10 


1 ..4, 

J 3.69 

:; 1.09 

2 4.25 

2 
3 
2 

2 I 
^ 2.08 


-1 .22 


1.3 X 


10-. 


2.07 


3.9 


.10; 


1,98 


-2.53: 




# 


8.1 


7 


0.93 


0.48 


3.9 


X 


1.77 


2.5 X 


10 


-2»19 


1.1 X 


1.75 


3.2 


X 10 


2.95 


-2.54 




"W 




4 


0.91 


0.08 


9.9 


X 


1.18 


6.9 X 


fO 


-2.16 


4.8 X 


10^ 
10^ 

1^^ 

10, 

■\Gi 


1.42 


5.2 


X 10 


i.ie 


-1.97 




« 


10' 


K07 


0.10 


2.2 


X 


1.33 


5.5 X 


10 


-2.60 


6.8 X 


1,62 


U6 


X 10 


1.59 


-2.63 




'9 


10.42 


1 


1.12 


- 


2.4 


X 


- 


2»0 X 


10 


-3.08 


8.6 X 


- 


KO 


X 10 




-2.92 




"^' 


M.57 


1 


0.91 


- 


6.2 


X 


- 


4.2 X 


10 


-3.17 


2.6 X 


- 


1.0 


X 10 


« 


-3.42 




ft' 


13,89 


1 


0»86 


- 


4.3 


X 


- 


1.3 X 


10 


-2.52 


4.6 X 


~ 


1.0 


X 10 


- 


-2.6S 




"W 


12.73 


2 


1.27 


- 


6.8 


X 


- 


2.1 X 


10 


-3.5i 


1.4 X 


~ 


1.0 


X 10 


_ 


-3.15 




• 


14.47 


M 


0.-99 


- 


6.1 


X 


- 


7,9 X 


10 


-2.39 


8.8 X 


10^ 


- 


3.0 


X 10: 


■ 


-2=47 




m 


18.52 


,# 


3.5-2 


0-36 


4.3 


X 


1.09 


1.2 X 


10 


-3,55 


1.1 X 


10'^ 


U09 


KO 


1 

X 10 


]:0 


-3.04 



Notei X', S* are arithitetic wman and standard deviation, r^pect ivel y. 

.^^ S are ^'Cmetric imsam and coefficient of variation of the l^arithmic values (seeTaDle 11). 



TABLE E.4. RED'UCTIOh] OF TO'TAL (JOLIFO'RtlS AID FECAL iOOLIF011''iS MITH RESPECT TO QiLO'lINE lESIDUAL 
IN NOH-MITRIFIED EFFLUENT (PEaiOD i) 



Cointact 
tmiiniutes) 



iRes I duo III 
(mig./lLl 



Nlumber 
of 
Data X 



TC. 



Tfi. 



Dosage Ccouimt/l OQi inl ) ^ count /1 00 nL ) 



Log 






Nean 


TOu 


Mean 


(TC /TC ) 


(coijint/IOiOi int) 


Ccoumt/lOO nrL) 



Log 

Mean 

(FC^/FCy I 






15 


01.64 


0.03 


5 


5.14 


1.51 


3.3 


X 


10 

101 J 
10* 

10* 


1.98 


1,0 


X 


K 

10, 
10^ 

lof 


1.47 


-0.519 


2.4 


X 


ml 

10^ 
10| 
10^ 
10^ 
10^ 

10^ 


1.60 


3.6 


X 


lOf 


2j03 


-€u82 4 


1'5 


0.74 


- 


I 


- 


- 


8.4 


X 


- 


2.8 


X 


_. 


~1„477 


5.9 


X 


_ 


3.0 


K 


10 


- 


-3«29 


15 


0.97 


- 


2 


- 


- 


2.B 


X 


- 


1.3 


X 


_ 


-1 .333 


4.5 


X 


- 


3.5 


X 


10 


- 


-2 . 1 09 


15 


1.09 


- 


2 


6.30 


- 


6=3 


X 


- 


2.2 


X 


- 


-1.457 


1.0 


X 


- 


1.0 


X 


10 


- 


-2.00 


15 


1.35 


- 


2 


6,50 


- 


4,1 


X 


- 


7.8 


X 


10^ 

lof 


_ 


-2»72 


KB 


X 


_ 


1.0 


K 


10 


_ 


-2 .,25 5 


15 


1.57 


_ 


1 


6,50 


- 


7.2 


X 


_ 


8.0 


X 


- 


-1 .954 


6.0 


X 


_ 


1.0 


X 


10 


- 


-2.778 


15 


U77 


_ 


1 


6.10 


- 


8,0 


X 


_ 


1.2 


X 


_ 


"1 .824 


1.2 


K 


- 


1.0 


K 


10 


- 


-2.079 


15 


2. 1 1 


- 


1 


6.10 


- 


2.0 


X 


- 


5.0 


X 


10" 


- 


2,602 


].2 


X 


- 


UO 


X 


1 " 


- 


-2,079 


30. 


0.21 


. 


3 


3.77 


. 


4.3 


X 


< 

'^4 
10§ 

10'^ 

lO'J 




7.2 


X 


,0= 
10^ 
10^ 

ml 
mi 

10, 




-0,776 


1.8 


X 


10^ 

11 03 

11 04 

10'! 
io| 
loj 

10| 
11 O3 




3.8 


X 


1 of 




-0.676 


30' 


0.301 


- 


1 


4.10 


- 


1,6 


X 


_ 


7.1 


X 


„ 


-0.353 


4.0 


X 


- 


2.6 


X 


- 


-0.18 7 


30 


0.64 


. 


3 


4.10 


'- 


1.9 


K 


- 


4.9 


X 


_ 


-1 .,59 


1.1 


X 


- 


2.7 


X 


10 


- 


-1 .61 


30 


0.73 


_ 


2 


6.10 


_ 


7.2 


X 


_ 


2.0 


X 


_ 


~1 ,f 5.6' 


1=6 


X 


- 


3.3 


X 


10 


- 


--2.687 


30 


0.86 


- 


1 


3.10 


_ 


1.6 


X 


- 


1.4 


X 


_ 


-2*i5i 


1.9 


X 


- 


1.0 


X 


10 


„ 


-3.27 9 


30 


0=95 


- 


3 


3.80 


- 


2»2 


X 


_ 


3»1 


M 


- 


-1 .-iS'l 
-2.11 S'O 


2.5 


X 


- 


3.3 


X 


10 


_ 


-2.879 


30 


1.04 


- 


1 


3.10 


_ 


1.4 


X 


10* 

ml 

10^ 
10- 


- 


1.1 


X 


- 


2.6 


X 


- 


1.0 


X 


10 


- 


-2.415 


30 


1,10 


- 


1 


3.10 


- 


1.6 


K 


- 


1.0 


X 


_ 


-3,-2^0.4 


1.2 


X 


- 


1.0 


X 


10 


- 


-3.079 


30 


1,23 


- 


2 


4.70 


_ 


1.0 


X 


- 


6.0 


X 


loj 

lOf 


_ 


-3' .5:22 


6.6 


X 


- 


1.0 


X 


10 


- 


-2.820 


30 


t.43 


- 


7 


7.39 


2.93 


1.7 


X 


1.73 


1.5 


X 


4.73 


-3.054 


8, .4 


X 


26.0 


1.1 


X 


10 


4.31 


-2,883 


30 


1.54 


- 


2 


9, 1 


- 


3.7 


X 


- 


1.9 


X 


- 


-3.290 


5.7 


X 


_ 


1.0 


X 


10 


- 


-2.756 


30 


2.1 1 


0.08 


4 


5.30 





2.3 


X 


1.94 


1.4 


M 


10 


2=0 


-4..2I1 


2.0 


X 


1.46 


2.2 


X 


10 


3.78 


-2.959 


30 


2.56 


— 


1 


5,30 


_ 


7.6 


X 


- 


4.0 


K 


10^ 


- 


-4 ..27 9 


7.8 


X 


- 


1.0 


X 


10 


- 


-3.8'ffi 


45 





« 


3 


5.43 


. 


2.7 


X 


io| 

io| 

10° 
10'^ 


. 


5.9 


X 


lO'T 


. 


':0*6ji1 


1.8 


K 


10° 

10^ 
10'4 

10^ 




3.0 


X 


io,f 


**i 


-0'.778 


45 


0.,1S 


- 


I 


4.10 


- 


1.7 


X 


- 


1.5 


X 


- 


-2.iOSi 


3.1 


X 


- 


6.0 


•X 


10 


- 


-3.713 


45 


0,50 


•* 


I 


4.10 


^ 


7.6 


X 


- 


1.0 


X 


10; 


_ 


-4^,,li1 


6.0 


X 


- 


1.0 


X 


10 


*. 


-1 .778 


45 


0.81 


- 


3 


4.10 


- 


3»4 


X 


- 


UO 


X 


10 


- 


-4,:5J2 


7.5 


X 


- 


1.0 


X 


10 


t 


-2.880 


45 


2.10 


- 


1 


8.00 


- 


l.,3 


X 


- 


2,0 


X 


10' 


_ 


-4, §53 


1.1 


X 


■=- 


1 .0 


X 


10 


._ 


-3.623 


45 


2.50 


~ 


1 


8.00 


- 


4,5 


X 


_ 


1.0 


X 


10 


- 


-4* §53 


4.2 


X 


- 


1 .0 


X 


10 


- 


-3.625 


45 


2.74 


- 


2 


8.00 


- 


1=1 


X 


- 


KO 


X 


10^ 


- 


•'-S. 1 46 


4.1 


X 


- 


1 .0 


K 


10' 


^ 


-3.613 



X% S" are ar i thinet i c riBan amd stanidard deviation, respect I valy. 

X, S are geometric ifrBan anid coefficierit of variation of the i^ari tlhwlc vai'uec tsea- Taib fe 1|'i«. 



TABLE E.5. TOTAL CO'LIFOM MID. FECAL OOiLI.pORI'I lEDUCHONS WITH lESPECT TQi CaLORIi\iE RESIDUAL 
m 10'1-MlTlIFIED EFFLUBNT (PEMO'D 2) 



I, 





























L«Jfl 
















Log. 


Contact 


iReiildual 


NluinfceF 








TC, 








■«r 




He am 


f 


^c„ 






'^r 




Meain 


Tim© 


imgyL,} 


of 


IDoiS;iag:e 


Ccounit/100 


irrL) 


f count /1 00 


nil. 


(FC|^/FCu ^ 


(count/lOOi nt) 


(couint/lOO 


irril 


CFCf/FCu) 


-Cm i mutes J 


X« 


g... 


Data 


X' 


C, |i 


X 




S 




X 




S 




X. 




s 




X 




S 




45 


Oi. 1 1 


01.03 


4 


5.21 





1.7 X 


10,^ 
10.5 

ml 
io5 
mi 
10,^ 


1.48 


1.0 


X 


mi 


1.4 


-1.22 


1.3 X 


lof 


2.07 


3.9 


X 


10 


1.9B 


-2.50 


45 


ii.55 


Oi.Ol 


4 


B.IO 





2.5 X 


1.25 


6.7 


X 


1.62 


-1 .57 


1.4 X 


10^ 


1.15 


7, '5 


X 


10 


1 .06 


-1 .99 


45 


1,86 


OL.,04 


5 


10.42 


2.28 


2.1 X 


2-30 


9.1 


X 


1 .96 


-2.36 


6.7 X 


10^. 


2.24 


2.2 


X 


10', 


2.43 


-2.48 


45 


1.04 


0'.,rOl6. 


12 


9. 7 J 


1.73 


2.3 X 


1.22 


4.0 


X 


I0| 

io2 
10; 
lor 


1.22 


-2.76 


7,4 X 


10.^ 


1.62 


i,a 


X 


10,,' 


2.0 


-2 .61 


45 


1.24 


OvOl 


6 


10.22 


1.99 


4.1 X 


1.75 


7.6 


X 


2.97 


-2.73 


9.0 X 


104 


1.84 


1.7 


:< 


10 


1.74 


-2.72 


45 


urn 


- 


3 


8.10 


- 


5,4 X 


- 


6.8 


X 


_ 


-2.90 


1.4 X 


10 
10] 


- 


1.0 


X 


10 




-3.15 


45 


1.35 


- 


3 


18.52 


- 


4-2 K 


10^ 


- 


1.6 


X 


- 


-3.38 


3.7 K 


_ 


l,.o 


X 


10 


- 


-3.5 7 


45 


4.-0i'S 


~ 


1 


18.52 


- 


4.4 K 


- 


5 


X 


10^ 


- 


3,95 


3.3 X 


10^ 


- 


1.0 


X 


10' 


- 


-3.52 


30' 


0.601 


0, 08 


8 


6.28 


0.40 


1.7 X 


10^ 
io| 
^< 

10' 


1.26 


2.6 


X 


10? 

10- 
10^ 
10, 


1.95 


-1.82 


8.9 K 


10'] 


1.58 


7,5 


y 


10! 


1.48 


-2.07 


30i 


0.B4 


0.03 


4 


7.48 


0.56 


8.9 X 


2. BO 


6.3 


K 


5.64 


-2.!5 


1.2 X 


10! 


1.62 


,7.0 


K 


10 


1 .86 


-2.78 


30 


II.O14 


01.04 


4 


8,13 





3.1 K 


1.46 


7,2 


X 


1.05 


-2.63 


9.8 X 


10^^ 


1.11 


4.0 


'< 


10 


1.15 


-2.39 


30 


1.36 


- 


3 


8. 87 


- 


2.2 X 


- 


7.2 


X 


- 


-2.49 


1.2 X 


lot 


_ 


5.7 


X 


10 




-2.36 


30' 


4.10 


0.08 


4 


li.82 





4.0 X 


1.25 


4,2 


X 


10^' 


1.65 


-3.98 


1.7 X 


lO'* 


1.30 


2 


K 


10^' 


1 .00 


-3.93 


15 


0.41 


0.09 


B 


4,01 


0.7! 


7.1 A 




1.14 


1.6 


X 


10^ 

lot 
io| 

10^ 


1.74 


-1 .65 


2.6 X 


101 

^'°4 

10: 


2.L=i3 


9„2 


X 


lol 


1.49 


-2.45 


15 


0.91 


0.05 


4 


4. 86 





9.8 X 


1.52 


3.0 


K 


1.16 


-K51 


8.2 X 


1.34 


1.2 


X 


10^ 


1.04 


-2.84 


15 


1.24 


0.03 


5 


6.35 


0.56 


7.9 X 


1,4B 


2.1 


/I 


2,32 


-2.58 


3.2 X 


3. IB 


2.6 


X 


IOa 


8,10 


-2.,0'9 


15 


1.45 


- 


2 


5»34 


- 


4.0 X 


- 


7.8 


M 


_ 


-2.71 


3.5 X 


10^ 

lo-" 


- 


8.0 


X 


10^ 




-2.64 


15 


i.65 


0,05 


5 


7.46 


1 . 1 9 


7»9 X 


1.31 


2.6 


X 


2.23 


-2.48 


4.3 X 


2»51 


7.1 


X 


1 0- 


4.91 


-2 .3 1 


15 


2.99 


^ 


2 


6.68 





2,1 X 


- 


5.2 


X 


_ 


-2.70 


1.6 X 


- 


6.0 


X 


10^' 




-2.42 


K", S' are 
X. s are a 


arithiinetiic 
ioBetr i c ima 


(IB am and 
n and cm 


standard tv 
sfficient of 


i at ion, 
vari at 


res 
on 


ject i veil y. 
f loaarithin 


niif 


- vnl i 


liifie; («;|! 


»fa Taih lps 1 


1 li. 

















■miLE. l.i. DEISITIES OF FECAL WmSVWmCCl, PSE:PB0MB1A§ ASlfljIiPO^SA. , AIIOBIC mom FO'lMEiS Mi. ■■iAL«iBLMl 
II MPNI.CIPAL SECOIDAII .EFFLUIIT' PRIOl, 'lO fflMlIll: :iI.iIlFlCII,Of 



■GeoMetrlc 'Meao Coefficient fiumber Range of Density 

Type of Density ef O'f Distributed at + one Standard 

Period Effluent Organiam Group (GOunts/lOO bL) farlatlQ'n,, Samples DG¥iatlon (counts /lOQi mL) 



1 Ion-Ill trifled Fecal strepfDicO'eel 8.8 x 10'3 4.66 78 1.9 x 1Q|3' - 4.1 x 10^ 

V^semmmm& 9.4 x lOi 2.17 9 4„3 x 10^ - 2.0' x lO^ 

Aerobic spoFM 4.0 x HQi^ I^fii M 1-5 x 103 - 1,1 x 10'^ 



:f;0'riiera.- 



Iltrlfied Fecal streptococQ;! 5.8 x lO^ 2.66 B7 2.2 x lO^ - 1,6 x 10'"^ 

Pseudomonas 2.4 x lO^ 2.21 24 1.1 x 10'2 ^ 5.2 x lO'^ 

aeruginosa 

5.7 X 103" 1.51 I4 3.8 x 10'3' = 8.7 x 103 
Salmonellae 5/5* 



Aerobic spore 
f oriiers 



v" ~.- r''"'i jui 



*l:elati;¥e frequency of salmonellae present in samples anal:y2:ei by presBiice /absence' test 



TABLE E.7. GEOMETRIC ffiAN SURVIVAL DENSITY (counts/100 mL) OF SELECTED ORGANISM 

GIODPS WITH EESPECT TO TOTAL COLIFOIM SDRVIVAL DENSITY AFTER CHLORINATION 











Aerobi 


. c 








Total 


Vecal 


Total 


Spore 




Tuial 


Pseudomonas 




Colif orm 


Streptococci 


Co'llfonn 


Formers 


Cijliform 


aeruginosa 


Parameters* 


TC,. 


FS^ 


TCj,, 


ASF^ 




TC,. 


PsAj^ 


I 


un X 10" 


2 
5.4 X 10 


2.0 X 10^ 


7,7 X 


.o' 


2,0 X 10"^ 


10' 


s 


1 . 86 


4.72 


- 


_ 




- 


- 


n 


20 


20 


1 


1 




1 


1 


i 


8.0 X 10^ 


3.2 X 10^ 


1.0 K 10' 


8.9 X 


10-^ 


KG ■:: l(r 


IQ 


s 


K86 


4.86 


- 


- 




_, 


^ 


n 


6 


6 


1 


I 




1 


1 


1 


2.6 X 10^ 


1.9 X 10~ 


]«9 V 10"^ 


],y X 


10^ 


l.y X iO"^ 


10 


s 


i » 94 


2.4i 


- 


- 




- 


- 


n 


9 


9 


iL. 


2 




2 


1 


t 


6«5 X 10^ 


3.3 X 10^ 




■m' 




i« 


«! 


s 


1.32 


2.95 


- 


,^, 




-; 


:^ 


n_ 


6 


6 


- 


:_ 




- 


iS* 


1 


3' 
1.7 X 10' 


9 

6.6 X 10 


2,2 X m^ 


S.4 X 


'J 


1.9 X 10^' 


26 


B 


1.57 


3.17 


- 


- 




1.51 


4.34 


li 


9 


9 


1 


f 




4 


4 


1 


6.5 X 10'^ 


1.2 X 10 


6«2 X i<y 


1.8 X 


10^ 


6.7 X 10^ 


16 


3 


1.29 


2.63 


- 


- 




1.29 


1,62 


n 


11 


10 


3 


i 




5 


5 


Z 


4«8 X 10*^ 


if. 4 X 10^ 


3. fa X 10"' 


7.5 X 


10^ 


3.7 X 10^ 


65 


-s 


2.54 


4.00 


ms- 


«. 




tm 


'■* 


n 


16 


16 


I 


.. 1 




1 


1 


•i 


1*0 y 10^ 


4: 


!^ 


■iSM 




tm 


w 


s 


- 


- 


i»^ 


« 




« 


» 


n 


1 


1 


m 


^ 




fr^ 


»«« 



*X - Geometric roean 
s - Coefficient of variation of logari tlimic values (see Table li) 

a - Number of data Doiiits 



147 



m,i» E.:.7.. C;CQiirij. 



i 













Aerobic 










Total 


le'Cal, 


Total 




S-poir.e 


Total 




Psi.e'udOTtonas 




Coil.l'f.orii 


StreptO''.e.oi&cl 


Coliform 


Forners 


Colif om 


aeruginosa 


llLrmmete^fi'*' 


TC.JJ, 


It^, 


IC^ 




mv-^ 


TCj 




.PsAr 


i 


■■5...1O X 10'^ 


5 


5.5 X 


10^ 


8.6 X 10'^' 


5.5 X 


lO"^ 


<10 


s 


I,:.,! 


I'tM. 


- 




- 


- 




mi 


n 


4_ 


4 _ 


I" 




2 


t 




1 


X 


1.7 Tc 10'^ 


1.8 X 10^ 


2a X 


10^ 


7.5 X 10'^ 


2.1 X 


10^ 


10 


s 


1.41 


2.39 


^ 




'** 


- 




"» 


.,_. _. _ 


14 


14 


1 




3 


3 




3 


I 


fa. 3 X 10" 


2.7 X 10'^ 


6.4 X 


10^ 


5 X 10^ 


6.4 X 


2 
10 


10 


s 


1.20 


2. 4,5 


1.2J 




1,41 


1.21 




l.,Ji 


n 


24 


2:4 


6 




i 


7 




_ 7 . . . 


£ 


2.4 X 10'^ 


1.4 X 10^ 


2.3 X 


10^ 


2.6 X 10'^' 


1.8 X 


10^ 


16 


a 


1,4? 


2«fl 


^w- 




SP 


iw 




)S.> 


n 


22 


22: 


2" 




f 


5 




'% 


i 


6,6 X 10'^ 


5.1 X JO^ 


m. 




m: 


5.8 X 


3 


10 


s 


1.28 


4.41 


« 




e? 


- 




»9* 


n 


6 


b 


.pss 




- 


3 




3 


X 


1.9 X 10^ 


1 X 10^ 


la. X 


10* 


3,3 m 10'^ 


1.7 X 


4 
10^ 


<10 


s 


1.40 


5.43 


•m. 




tmi 


1.4S 


) 


1.0 


n 


16 


16 


1 




1 


6 




6 



*Seie prevloius page. 
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lABlE l.iS-. JULl T MC:TE:RI0'P!IA,G1 •S01¥im,L II iCELOlimTlO 1FFLIIE« 



A. Ion-nitrified Efflueot (IQi^ to I4°c) 



Nominal 
Contact 
Time 


Chlorine 
Residual 
(total 
available J mg 


/L) 


Log 


(TCr/TCu) 




Phage- 
Ct/ltre .in 


Counts 
lD3,o.)/iiL 


Percent 
P»^eduction 


'Temperature 


(min) 


Before Dls Infect iorn 


After: Disinfection 


("O 


15 

15 
15 


0„05 
0.05 
0.97 






-0.19 
-1.41 


5.5 
1.0 
1.45 


X 102 
X 102 
X 102 


2,4 X 102 
2.1 X lOl 
2.1 X lOl 


53.3,6 

7f,.,.0 

.§3,92 


.IJ 

14 
Ii 


1§ 


0.20' 
0.65 
1.53 






-0,82 
-0i„71 
-3.28 


4.6 
4.3 
1.5 


X 102 
X 102 
X lOJ 


1.5 X IQ'2 
6«3 X lO-l 
6.3 X 102 


6/,., 39 
8:5.35 
5®,O0 


13 

m 
m 


m 

43' 


0.18 
0.85 
2.10 






-2 . 05 
p4.08 


6.3 
3.1 
8.7 


X 102 
X lOf 
X lOA 


2.4 X 10i2 
3.1 X 102 
6.3 X lOl 


3§..,I.Q 
27,. 59 


m 
It 

12 



B. Nitrified Effluent .(18* tO' 2(}°C} 



*> 






















Nominal 


Chlorine 






Phage 


Courit 










Ciontact 


Eesidual 






TLtre in 


ID50i)/mL 








Time 


(total 












Percent 


Te'inperature 




Cmln) 


MMal lablcs mg/L) 


Log CTCr/TC^) 


Biefirjre Disinfection 


Aft 


er Disinfect ioin 


Reduction 


("O 




It 


0i,,26 


-1,10 


1.45 X 


ini2 




3.1 X 102 


U 


13 




IJ 

is 


Ol.,37 


^■1,.„61. 


1.45 z 


10i2 




2.4 X 102 





1^ 




I ,,.,2,7 


•=i,f7 


1.45 X 


10i2 




6.3 X lOl 


56.55 


IB 




m 


Q|,.,5.4 


^-3 .,,1,1, 


1.45 X 


102 




1.0 X lOO 


99.31 


la 




ft 


Di',,ii 


-3,.,.„Ii 


1.45 X 


10i2 




1.0 X 10-1 


99.93 


IB 




«, 


I, ,., 03 


-2 ,.,7,1 


6.3 X 


lijl 




1 X lO'O' 


98,41 


m 




m 

m 


3,., ,50 


-3..7i 


6,3 X 


loi 




i.Di. 


99.99 


m 




3.55 


-3.. S2 


ib,3 X 


lOil 




leD, 


99. 99 


18 




41 


0i:.,.56 


-l.,54. 


6.3 X 


lOil 




L.0 X lO'O 


98.41 


1^ ' 




4| 


1,„13 


=2 .,12 


6.3 X 
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41 
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lOil 
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FREQUENCY OF RESULTS = PERCENT EQ'UAL TO OR LESS THAN 

A eillVEN DENSITY 
FIGUIE E.2« DISTRIBUTIOH OF LOG (TOTAL COLIFO'RM SURVIVAL DENSITY) IN 
MON-NITIIFIED EFFLUENT AFTER 30 MINUTES COITACT TIME WITH 
CHLORINE 
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FREQUENCY OF RESULTS 



PER'CEINT EQUAL T'O OR LESS THAN 

A e I VEIN DENS IT Y 



FIGURE E.5'. DISTRIBUTION OF LOG (FECAL COLIFOEM SURVIVAL DENSITY) IN 
NON-MITRIFIED EFFLUENT AFTER 30 MINUTES CO'MTACT TIME WITH 
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FREQUENCY OF RESULTS = PERCENT EQ'UAL TO OR LESS THAN 

A eiVEN DENSITY 

FIGURE E.6. DISTEIBUTION OF_L'OG (FECAL COLIF'OM SURVIVAL DEESITY) IN 
NON-NITRIFIED EFFLUENT AFTER 45 MINUTES CO'ITACT TIME WITH 
CHLORINE 
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APPENDIX F 
DISINFECTION OF SECONDARY EFFLUENT WITH fflLORINE DIOXIDE 



IMLE I.l. 1MPI1I'C4L BQUATIOIS IIMTIIG TO CHLORIIE DIO'XIDE DISIMFICTIOM M'TA 



.FlgiLire 
lum'bei 


Study 
Period 


Impi r .teal Iquat .ion 


Eiqiiia't,lo.in, 
.Number^ 


Mange, of Appi.ic..abl...llt.y 
D - iig/L 
1 - iig../L 
t = 'ml.TKites 


iunaber o.f 
.Data 
■Usad 


CoTre..l.a,t.lon: 
Coef f ic.i.e'n.t 


14 


1,2 & 3 


De = 


i0i,0'2 + O1.88D 


1 


1.13 


0.5<D<8.0 
10i<t<45 






101 


0',98 


15 


3 


(Ri/R20) = Ctl/t20i)^°'^3^ 


E 


(2) 


3<t<20 






3 


-1.0 


15 


# 


(RI/R20) - (ti/c20)"°-^* 


1 


(3) 


3<tl20 






I 


-0.917 


16 


4 


Log 


(TCr/TCu) = ^0. 235-0. 481D 


E 


<43 


1.0<Dk7.0; 


t = 


2O1' 


9 


-0.723 


16 


1 


Log 


(TCr/TC^) - 01,636-0.8920 


E 


(5) 


1.0<Dk5.,0; 


t = 


20 


6 


-0,93 


16 


3 


Log 


(TCr/TC^) - 0'. 0102-0.4740 


E 


(6) 


1.0<D<8.0; 


t = 


20 


9 


-0.85 


16 


4 


Log 


(TCr/TCuJ = -0.34-0. 734D' 


1. 


CD 


1.0<D<6,0; 


t = 


20 


12 


-0.854 


17 


1,2,3 & 4 


Log 


(FC^/FCu) = -01.293 + 0.55D 


1 


(•8) 


1.0<D<7.0; 


t • 


20 


45 


-0,82 


18 


a, 2,3 & 4 


Log 


(TCr/TCyJ = -3.11l0'^'23 


1 


:(§.) 


0<R<3.5; 


t - 


20 


50 


-0.607 


19 


2 


Log 


(FCr/FCy) = -3„21e0-184 


1 


(10). 


0<R<l,5j 


t = 


20 


7 


-0.865 


^ 19 


I 


Log 


(FC^/FCy) = -2.7r'0'^39 


E 


(11) 


'0<R<1.5; 


t = 


20 


18 


-0.909 


19 


:l 


Log 


(FCj/FC,j) - ™3«9blO--0 


1,. 


(12) 


'0<R<2,5| 


t - 


20 


7 


-0.929 


19 


•1 


Log 


CFCr/FCy) = -2.29R'0'172 


:e 


(.13;) 


0<R<3.5; 


t = 


20 


12 


-0.713 


20,21 


I 


Log 


(TCr/TCu) = -01, 414dO> 993^0.05 


1. 


(14) 


1.0<D<8.0 
3<t<2l 






IM 


.:^> 


201,21 


4 


Log 


CTCr/TCu) = -0.74DO-75tO-15 


1 


(13) 


1.0i<D<6,0 






^ 


•m. 


Meit 
'prefieatad 


1 


L&g 


CTCp/TCu) - ^0i.319D'l-0t0-l'&D 


1; 


(16) 


1.0<D<7.0 

3<t<m 
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tm 


22 


.1,2,3 § 4 


Log 


(PsAr) - Oi^ro + 0..233 LOe TCr 


E C17,) 


I X iOl<TCy<l 1 


103 


i 


-0.808 


2.3 


1,2,, 3 & 4 


Log 


im^) = 0',062 + 0,72 Lo^g W^ 


E 


{18) 


1 X 10l<TCr<l X 


1D5" 


7 


-0.952 


2.3 


1,2„,3 & 4 


Log 


(B.Pj> - -2.12 + 0,683 Mg TCp 


1 


■(19) 


1 X 103'<TCj-<l X 


iQ5 


m 


-0,849 


2.3 


.1,;2,3 & 4 


Log 


ClPp) - 0, 


1 


(2.0) 


Log (T'Cj) <3.0 









TABLE F.2. COIRELATIOW BETWEEN TO'TAL CQiLIFOEl"! EEDUCTIOW MI) mLORIlE DIOiXIDE DOSAGE AT ¥ARIOiTS CONTACT TIMES 



■As IM D in - N i t f 1 f ! e .dl E f f I lu «n t - PmT i o^d 'I 



Ch ior l.ne 


■Ch 1 or f nig' 








-:- .- - .- ._ .- -, .^_. ..- - , 


ID 1:ox:l die 


■Dili 0:X 1 die 












iD''0.saigie 


Res r d.y a 1 












C,ii..g/L.| 


Cmg,/IL) 




CTC-,|ul» 


tTC,»„ 


tog ITC|p/tCy} 


Q . 6,3 
11 . 1 1 



Oi. 1 7 


1 , 

1 , 


.7 K 10^ 
. X 10'^ 
.8 X 10,^ 
.4 X ]0i 
. 1 K 10^ 
.0 X 10 


7 , 5 
8 . 4 


X. 1o| 
X lOf 

K 10* 
K 1 Qi 

X 10- 


-0'.36 
-0.08 


1 .fi'S' 


0i,26 


2, 


1 .. 3 


-1.3 5 


3.0;l 


01.2 7 


1 , 


2,2 


-0 . 8 I 


J.:85 


0.78 


3, 


9 > 9 


-2.5'0 


4 *-S;2 


0.83 


5, 


4 


-4. lOi 



Linear coirre I .at i ain coefficient between Log iTCf./TC^^} 

an d ch I O'lr f m© :d I ox i de do^safle " 0.88 

Ti'biyLated crltiCial */aiye at 90 par cent coin fi dene© l#?«| .iD...67 



f 



i.. N I trifled EffIiu:©iT+ - Period i 



Ch, lor I in©. D mx i;d« 
Dio'saga 

tnii./IL:5 



1 .54 
.2*.0i.Bi 

2 . m 

3.3f 
3 . S 1 
.3 ..99 
5 .. 1 5 
5*79 
6 ... 2 1 



Ch lor 1 ne Iok-i de 
IR.B.:S .f d y a II Crtg/iL.) 

7 m i n 14.,gi n"! n, 20 rain f 'TC ,y, J g^ 



a 


4.2 


X 


i.tii 


2 ,,.2 


-X 


ft,.iift 


.I..4 


M' 


•q:^.31 


4 ,,.5 


X. 


o:. 1 9. 


3,9 


X, 


1 ,0'^ 


i.4 


.X. 


.fi*4# 


4 . 'O' 


K 


:o.,.li 


1.3 


X 


0....44 


2.. .3 


X 



■L I n # i'lF .eo'ir r e I a 1 1 o n co© f f I .c i e n t bo t w em n 



1..Q 

i.o: 

to; 
10- 



lTCr),„:l 



I .mtn T4..5 m"i n 

:,_:__■;' '-r -r - ::-" 



1,4 
1 . 6 

4.4 
6.. 6 
7.4 
1 .. .3 



i-g; 

IhO] 

•li-; 
1 0'-; 
1 Q- 



1...1 X 19' 



1,..7 X lO'- 



6..3 
1 ....i6 



10' 



1..5 X 10^' 'e.o m: 10 



5..? 
5, '6 
.3 . 7 
1 *.? 
1 p2 
5... 4 
1.. 7 
2 ., 
1 .. 8 



lOi- 
1 .01 

I.D.: 

10'.; 
f 0...: 

IQv 

ml 

10' 



Leg CTCr^/TC.uJi 



.20 mrin / m in, 14. .5 m, i ni 2:Q nl irt 



og 



CTC,^,../TC^) 



and CTOj dofsagiie 



Tabulated' .crftfcal ¥« I iU'« at SO percevnt -e^oif I dBnctt l&tfel 



-g..48 
- 1 . 1 4 
■-1 ...S9 
-1.13 
-0i.7t 
-2.69 



»l..l.! 



-O.SiB 



-2... 4.2 

-%. 1 
-1...4 0I 

-3.5fl 



-«.60 -0.. 70 



■0...8 7' 
HO' ..§9 
-1 *9S 
-2.* 4 2 
-1 .■■5 1 
= 3,0/ 
■1 ..37 
■3.81 
v3.. II 



-©..■7.2 



0i-.fr2- .p:*73 



0^.5 5 



Ui 



TABLl F.2. (COiT'D) 

v. Non-nitrified effluent - Period 3 



Ch I or i ne D i ox i de Ch I or i me i ox i de 

Dosage Residual Cmg/L) ^TCr^'m Log ^TC^/TC^ j 



Cmg/L) 7 imfm 14.5 mini 20imin '(10^)^ " 7 mim 14.5 min 20m(n 7mi"n 14.5 min 20min 

: - - - - - • ' — = •■ ■. ^ 

6 4 

10^ - - 2*7 K lOj^ 

10^ - J - , 1.1 X 10T 

10^' >4 y. 10- 1,,7 y ICr' 6*3 x iOZ 

10^ - - 2.6 H 10^ 

lo!; >8.0 X 10^ >8.0 X 10^ 1.1 X 10^ 

10^ 2„2 X 10'^ 2.2 X 10; 7,3 x 10^ 

10^ 4,6 X lOf 4.6 X 10:' 8.2 x 10^ 

10^ 3,3 X 10^ 3.3 X 10^ 8..2 x lOf 

10^ - - 3.7 ■< 10-' 

Linear mrreia+ion coefficient behveen iog iTCr/TCijJ and CIO2 dosage "^»ff -0»86 -0,85 



3.41 


- 


- 


0.03 


1.9 X 


3.66 


- 


*-. 


0.13 


1.3 X 


3,7.6 











7.5 X 


3..« 


» 


- 


0.13 


4.1 X 


4,71 











5,3 X 


5,54 


1.29 


0.93 


K03 


1.8 X 


5»89 


1.04 


K03 


1,01 


7,1 K 


6.64 


0.76 


0«59 


0*40 


4.1 X 


7._-!;9 


„ 


- 


0.84 


1.2 X 



- 


« 


-1.85 


-. 


_ 


-2.07 


- 


-1.76 


-2,08 


- 


« 


-1 .20 


_ 


- 


-1,68 


-2.98 


-2.91 


-3,39 


-3.05 


-3,61 


-2.94 


-2.33 


-3.09 


-2.70 


- 


_ 


-3.52 



^- ^' ; -f^ ,,\-,--„-:f __^;:,._-:---;— ^i^ i;^ 



Tabulated critical value at W percent confidence level 0.90 0.81 0',55 

D. Denitrified Effluent - P'eriod 4 



ChlGiri n© 

Dioxidfe Chlorine Dioxide Residual Cmg/L) ^TC^^m Log (TC /TC ^ 

Dosage ^_^^.^_^_^^^ 

(mg/L) 3 min"""7^Tn 12 roin 14.5 min 20 mio ^'^C^)^ 3 min 7' Min 12 min 14.5 min 20 min 3 min 7 min 12 min 14.5 min 20 miin 



2,59 


0.34 


0.27 


0,2f> 


0,29 


0.29. 


1.8 


2.64 


1.10 


1.03 


0.84 


0.88 


0.76 


9.0 


'M^m 


0.51 


0»36 


0.34 


0.36 


0.36 


4.7 


M^m 


0.25 


0.24 


0.21 


0.25 


0»27 


3.1 


'5.. 52 


0.67 


0.35 


0.53 


0.51 


0.46 


1.0 


3.67 


1.86 


1.67 


1.44 


1.54 


1.,39 


3.1 


4.10 


1.48 


1.33 


1.17 


1.22 


1 .20 


K4 


4.68 


2,39 


2.11 


U92 


2.01 


1.85 


4,1 


'5,20 


4*43 


3.90 


5,69 


3.65 


3.42 


3.7 


6.30" 


4.77 


4.30 


3.97 


4.03 


3.72 


4.8 



X 10^ 
X 10^ 
X 10^ 
X 10^ 

X 10^ 


8.6 X 


105 
10^ 

10^ 

103 

10^ 


6.0 K wl 


6.8 X 


10^ 


9.6 X 


10^ 


7.6 X 


10^ 


-2,32 


-2.48 


-2.42 


-2.27 


-2.38 


7,0 X 


1,2 X 10; 
2,1 X 10" 
5.1 X 10;: 


20 


10"^ 

103 

10,1 


40 


_, 


1.2 X 


10-; 

10- 
10^ 

10:, 


-2.11 


-2.88 


-3.65 


-3.35 


-2.88 


4.7 X 


1.5 X 


1,6 X 


10;; 
10^ 
10^ 

10: 


4.0 X 


-2o00 


-2.35 


-2.50 


-2.47 


-2.07 


2.4 X 


5.8 X 


4,1 X 


2.B X 


-2.11 


-1,78 


-1.73 


-1 .88 


-2.04 


7.7 X 


1.1 X 10, 

4.8 X ]o: 

9.9 X 10^ 
4.6 X 10; 


4.5 X 


2,2 X 


2.2 X 


-2.11 


-1.96 


-2.35 


-2.66 


-2.66 


K 10^ 

X 10. 
X 10^ 
X 10^ 


8.2 X 


10^ 

105 

1 of, 

10^ 


2.8 X 


10: 

10^ 
10^ 


2.0 X 


8.0 X 


10 


-2.58 


-2.81 


-3,04 


-3.19 


-3.59 


6.0 X 


K4 X 


2.7 X 


10; 


7.6 X 


101 

lOf 


-2.37 


-2.15 


-3.00 


-2.72 


-3.27 


5.8 X 


4.0 X 


2.0 X 


10^ 


2.6 X 


-2.85 


-2.95 


-3.01 


-3.31 


-J. 20' 


4.2 X 


2.0 X 10 


2.0 X 


10 


2.0 X 


10 


2*0 X 


10 


-2/95 


-4,27 


-4.27 


-4.27 


-4.27 


4.2 ■< 


6.0 X 10 


6.0 X 


10^ 


2.8 X 


10^ 


2.8 X 


10' 


-4.06 


-5.23 


-4.90 


-5.23 


-5.23 



Linear correlation coefficient tetwe©n Log CTC|^/TCm) ^'"^' ^^'°2 'do«ag© -0.91 -<3«81 -0.79 -0'.86 -0.91 

■ „^ — .^ _ ^ — '" ' "- ' J--.- - .. . -"„":.\:_:r — ~"i-i-:rjrs;^"':^-..^=^:., -^ — - — _ .-'rr-^z-. r- ■ — — ■ . — 

Tabijldted criticai value at 9Ci percent confidence level '^^P I^K 0»52 0^52 0.^ 



TABLE F.3. BACTERIOLOGICAL QOALIIl OF IMBISIlFlCTEfli ElfUJllT PRIOR TO fflLOElNE MOXIDl DISIIFICTION 



Iffluent 



■O'Tfianlsii, ftoap 



Saoiiiatrlie JiBaii CQefflElent liufflber- Density lange for 

Di©iiif±tf of af + one standard deviation 

|ciattnts,/l# mh). laxlatlon, lata (coiints/lOOi mL,) 



lott-ilt rifled 
Winter 



Fecal streptococci 

Aerobic spore 
fo'-rmers 

.,Pg:#in:iioiM6na.e 



1.6 X lOf* 
.S..1: X 10 3 

1*1 m :ifl2- 



4., IS 
1.92 

2.12 



•M3 3.B X 10i3 - 6.7 x 10* 

11 3.2 X 10i3 - 1.2 X LO* 

i 5,2 ^ Ifll - 2,3 X 102 





lltrffi&i 


Fettfi 1 mtxe pt.O'C O'C c i 


1..6 


X 


10:4 


2.55 


22 


i.:3 


X 


103 


- 4.1 X 


10* 




Period 1 


Pseuiomoiaas 
a.if'ag.itio.sa. 


7.i 


X 


1:0:2 


%M 


ft 


1.4 


X 


1101^' 


4,3 X 


io3 






aactBrtoptiage 


■4,1 


at 


IQ2 


t,B9 


f 


1.4 


"m 


102 


-' l.,2 x 


"'"' 






Saliiottellae* 


4/J 






,«. 


?^' 








m 




m 


Mon-Nl trifled 


Fiscal, streptiOiCO'Ccl 


1«1 


x 


lip 


3.23 


42 


3.4 


X 


10* 


- 3.6 X 


iO.5 




SuiDniier 
Period 3 


Be.B»io]BO:iiaS' 
■atrt,,giiiO'iSa 


9.2 


X 


102 


4M 


t 


2.3 


X 


102 


- 3.7 X 


103 






Biilk T 
Bact.Brl'Q.pha,ge 


Ul 


:x: 


1q3 


i.ii 


i 


5.9 


X 


102 


- 2.1 X 


103 






ialmjamellae* 


m 






— 


•i» 








■t0. 






DB-nl't rifled 


Fe-cal St reptococei 


€,4. 


■X 


io3 


3=27 


14 


2.0' 


X 


103 


- 2,1 X 


10* 




Fierlod 4 


Aero'bic spore 
Forine;rs 


1 


m 


2;0r4 


239 


9 


3,4 


X 


10i3 


-3 X 


10* 






fB^ieiodomoiiai; 
.aeruginosa 


1,5 


x 


I0i2 


:3.5i0 


't 


4,3 


X 


lOil 


- 5.3 X 


102 




. 


Bulk 1 
lacteri O'-pfeage 


4.9: 


M 


10- 


2,fli3 




2.4 


X 


102 


- 1 X 


103 






SalnO'tiellae* 


4|i 






a 


m 








■■W- 





*lelati¥e frequemcy of aalmonellae preseiit. in sanpieB anbalfzed. by presence /abeence ticst 



Table F.4. geometric mean SlIRVifAL DEiSlfllS (counts /loo) OF SELECTED ORGANISM GROUPS WITH RESPECT 
TO' TOTAL COLIFOIM SUR¥I¥AL DEISITY AFTER CHLORINE DIOXIDE DISINFECTION 





Paraimeter 


Total 

Co 1 1 form 

TC 


Feca 1 

Streptococci 

FS 


Total 

Col iform 

TC 


Aerobic 

Spore 

Formers 

ASF 


Total 

Col ! form 

TC 


IPseodomonas 
^rugiiniosa 

PsA 


Total 

Co 1 i form 

TC 


B^uilik 

T 

Bacter i o- 

p 'hi age 

BP 


Tolel 

Co 1 i form 

TC 


Bulk 

T 

Bacter io- 

pihage 

IBP" 






* 

n 


Ik 7 X W^ 
1 .54 
6 


1.0 X m^ 
KOO' 
6 


1.4 X 10^ 
1.49 
4 


3.4 X 10^ 
U86 
4 


K5 X 10^ 
1,49 
4 


1.2 X 10^ 

1,41 
4 


2.0 X 10^ 


1 

3 


K7 X 10^ 
1 


2 






X 


6.6 X 10^ 
3 


2,8 X 10^ 
J." 


6.5 X 10^ 
1.44 
4 


6„,4 n 1.0'^ 


6.5 X 10^ 
1 .43 
4 


1.0 X 10^ 

1.0 
4 


3.0 X 10' 
1 


5 

I 


3.8 X 10^ 
1 


11 






X 
s 
n 


2.3 X 10^ 

1.43 
7 


1..8 X 10^ 
2.18 
7 


K9 X 10^ 
U40 

4 


2.4 X 10^ 

U47 
4 


1,9 X 10^ 
K40 
4 


1.0 X 10^ 
1.0 
4 


4.0 X 10^ 
1 


1 
1 


3„2 X 10^ 

1 


11 






X 

5 

ft' 


6*6 X 10^ 
K31 

e 


U3 X 10^ 

5.19 

a 


5.5 X 10^ 
2 


1.0' X 1'02 
.2 


5.5 X 102 
2 


2.2 X 10^ 
2 


6.0 X 10' 

1 


1 
1 


1.1 X 10^ 
1 


49 


'Lni 




111 


1.9 X 10^ 
1.34 

13 


7.3 X 10'2 
4.72 
13 


2.0 X 10^ 
1.59 
4 


3.2 X 10^ 
3.02 
4 


2.0' X 10^ 
1.49 
5 


1,5 X 10' 

1.53 
5 


K1 X 10^ 
1 


1 
1 


2.5' X 10^ 

1: 


- 






i 


7.2 X 11 0^ 

1.24 
20 


8.7 X 10^ 
3.96 
20 


6.9 X 10^ 
1,59 
12 


1.7 X 10'^ 
12.8 
12 


6.5 X 10^ 
1.41 
14 


3.8 X 10^ 
4.55 
14 


1.5 X 10^ 
1 


i 
1 


5.6 X lo"^ 
1 
1 


70 






i 

n 


8.6 X 10^ 

3.76 

59 


2.7 X 10^ 
5.99 

59 


1.2 X 10^ 
1.21 
5 


U6 X 10^ 
5.42 
5 


1.2 X 10'^ 
1.21 
5 


1.2 X 10^' 
1.36 
5 


2,4 X 103 
1.36 

1 


7 
1 


- 








m 






5.1 X 10'^ 


4.3 X 10^ 


'5.5 X 10^ 
3 


9.5 X 10^ 
3 


9=4 >: 10^ 
1 


1 
If 










X 
s 

n 


nasssFgsc.s;Jss; 


2.9 X lO^ 

1.5 
1 


'9.5 X 10^ 
K65 
5 


2.8 X 105 

K35 
5 


KO X 10- 
4.17 
5 

=«■ 


1,4 X 10'^ 

I: 


4 
1 







I 



Geometric me^ ^ « Coefficient of variation of l^ari thinJc values 'Csee Table 17); n = n'urt-er of data points. 



APPENDIX G 



BASIS FOR ESTIMA.TIMG USE-COSTS OF 'CHLORINE, 
CHLO'RIME DIOXIDE, OZONE AND SULPHOl DIOXIDE 



APPENDIX G 
WmW ^M. ISTIMATING USE-COSTS OF 'CHLORINE, 
CHLORINE DIOXIDE, OZONE AND SULPHUR DIOllDE 

G . 1 General As.sumptions 

1) The average dosages and minimum contact times (Table 3) used to 
estimate use-costs for each disinfectant j, in various typeg of 
municipal secondary effluents, are deri¥ed in Chapters 4, 5 and 
6. These would prO'Vide adequate dlslnfectiO'ti at a¥erage design 
flow. 

2) Disinfectant generation/dosing equipment and contact chamber-s 
are sized such that target le¥els of total coliforms can be 
attained at peak flow, (Peak flow is assumed to te three times 
the average design flow«-| Generation/dos.lng equipment sizes are 
rounded off to natch 'Capacities of comiiercially available 
equipments 

3) All unit costs estimated are tesed on June 1977 prices. 

4) The estimated costs of generation and dOiSlng equipment are tased 
upon nmnufacturers* quoted prices for southern Ontario, 

5) Cost of the contact chambers is estimated tased on the volume of 
earth tO' te excavated and the total volume of finished reinforced 
concrete (including serpentine teffles) required. Unit prices 
for excavation and concrete are assumed to te $3.27/iii3 ($2.50/cu 
yd) and $163/m3' ($125/cu yd), respectively. 

6) Engineering cost is assumed to be 35 percent of the capital cost 
to cover design j purchasing, supervision of InstallatiO'n, start 
up, and other miscellaneous cO'Sts. 

7) Life of all facilities (depreciation term) is set at 20 yeafs , 
at an annual interest rate of eight percent compo'unded 
semi-annually. 

8) One percent of total equipment cost (excluding cost of contact' 
chamber) is taken for annual equipment imlntenance and supply 
costs . 

9) Labour costs (including fringe benefits) Vere a'siuiied to M 
§64/man-day for an eight-hour/day shift. 
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IQi) Power cost was assumed to be 24/kWh, 

11) Costs of land and bulldifiigs were excluded. 

12) There is no allowance for standby equipment for any S5i'stem, or 
for increafacd dosages to meet needs for odour control, emergency 
dlsinfectioE or similar purposes. 

G . 2 Assumptions Made in Estimating the_ Use-Cost of Chlorine as a 

Municipal Secondary Effluent Disinfectant 

1) The cost of clilorinatioo equlprienc assumes the use of conven- 
tional ¥acuuciii chlorinators « Costs Include equipnient for 

f lo¥'-pro portions 1 and antomatlc residual conitrol. 

2) Commercial-grade liquid chlorine was assumed to te used at all 
WPCP'e. Use of ISCJ lb (68 kg) cylinders was assumed at smaller 
plants^ JPlants of 4546 m-^/d (1 Imgd) and larger were assumed tO' 
use liquid chlorine in one-tonne cylinders # 

3) Unit cost of liquid chloi ine ¥arie& with both the amount used 
per year and plant location. 197 7 southern Ontario prices were 
assumed as fefect/kg ($31.25/1011 lb) for 63 kg (150 lb) cylinders 

4 lit/kg (5I8.5O/IO1O) lb for 1-tonne cylinders if consumption is 
less than IQiO tonnes/year, or 37cf./kg ($16.70i/100 lb) for more 
than lOtO Cunnes/year consumption. 

4) Labour coses include those foir housekeeping, changing and 
loading of chlorine cyliindersj occasional cleaning of contact 
chamber, annual servicing of chlorination equipment, and 
calibration checks on analyzers and controllers. 

G- • 3 Assumjptiotis Made in Estimating the Use -Cost of Chlorine 

Dioxide as a Municipal Secondary Effluent Disinfectant 

1) Tfie generation cost of chlorine dioxide in small effluent 
treatment plants (455 and 454ib ni-Zd, or 0.1 and 1»0 Imgd) is based 
on a proprietary process (CIFEC) which reacts sodium clilorite 
with chlorine in a controlled aqueous phase. The capital costs 
include a flow proportional control device which changes the 
chlorine dioxide generation rate in discrete steps, 

2) Eighty percent pure industrial grade sodium chlorite is used for 
cost est illations Unit lot price is based on ome year's supply 
or a minimum of 40 drums (110-lb or 50 kg weight drum)» 
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3) The ^^timated labour requirement includes the routine malnten^^. 
of the proce'gs, preparation of sodluin chlorite solution 
(approximately once every five days), changing and load^^ ^ 
chlorine cylinders, equipment servicl^^, and chloring 
'itl.@'^ld^/#b4orite .pejMiai .aaaJ^.afi^A 

^issumptions Made in Estimating the Use-Cost of Ozone as a 

Municipal Secondary Effluent Disinfectant 
I J fcftiS* ^^MP^^ 'from air is used for cost estimation. 
11 Utilization efficiency of ozone in the contact column is assumed 

to te 95 percent or greater^ 
Ij ^m estimated cost of ozone generation equipment includes the 

'^^fc ^nerator, air preparation equipment, high tension power 

train, monitoring instrumentation, piping and wiring, diff users, 

design, installation, and start-up costs. 
#1 Electrical ^^^H-ption was estimated to be 22 kWh |»r kg (10 kWh 

fer lb) ^' ^^^ generated* 
5) The estimated labour requirement includes housekeeping, simple 

■t^rvicing of the generation equipment and determination of ozone 

§6sage required. 

'•^ ftssumptions Made for Estimating the Use-Cost of Sulphur Dioxide 

for Chlorine/Chlorine Dioxide Residual Removal 
1) Total available chlorine residual present was assumed to 

Comprise equal amounts of mono-chloramine (MH^Cl} and di-chlora- 

mine (NHCI2). 
tt Molecular chlorine dioxide (ClQ^^) was regarded as the only forifl 

of chlQTine dioxide residual meagtir&3 amperometrically at the 

€nd 'tf ie¥en minutes or longer. 
^ ApproxfiKt-fely 1.0 mg/L and 2.5 mg/L SO2 was required to remove 

I.O mg/L total available chlorine and chlorine dioxide residuals 

respectively. 
■i-l t, maximum of 2.0 mg/L of total chlorine residual or 1.0 mg/L of 

CIO2 residual was assumed tQ te required for disinfection « 

Sasefluently, maximum do^^ rf- Bj expected would not 
1#0' mg/L. 
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S}' A •sulpbo.flat.or and, .,a»xll.ia;rf equlpttent are used te dosc: sulptiHr' 
■■dioxide. An aidlti.o&al .autO'iiatlG 'cea.ii,iial cotitTQllmx is. ala& 
f.iicl'iijdei to fceep SO12 residual to M^ss than 0':.2. ngilt* 

§3 leactlaHB fe-twee.n. iO^|. and ■dtil-0'rliifi,,/clil'0':rin6 diQaEtie le^sldualg^ aEfi 
.fcHawii, to te instantaneott^g; therefoire:,,, noi: coBtaet ichaiiter ti 
p.rQvlded. To^:provide ■maxliiun, intensity mtho'iut any iie^chanlc.al 
mlxlrig dev±ee..j ;SQ^2 was assuiie^d to te added tkrouiJi, a dlffuS'Sr at 
the Inlet of the ¥PCP' ou'tfall pipe mp'Sitr-eaiii of a, tiydraullc Juiips 
or other source of turhttlenGe-. 

'7„| Onit price of SO 2 fo^r southern Ottfcario: waa ts^^SttHEd ■feo^ to 68^/%,^ 
($31. 25/ J 00' lb) for 68 kg (150 Ih) cylinders and ■41t/:ki: ($,1S.60/ 
100 lb) for one-tonne cylinders. 



WA 



TABLE GA. DESIGN PARAi-IETERS FOR CliLORINE AS A MUNICIPAL SECONDARY 

EFFLUENT DISINFECTANT (NON-NITRIFIED MiD NITRIFIED EFFLI.iENTS) 



. -" -: -~: ■-'—— --::is L., 



Plant design capacity 



Parameter 455 (0.1) 4 546 "(1) 45^460' (10) 



Chlorine Dosage 

A¥erage conceotratlon (mg/L) ^ '' I 8 

A¥erage daily usage, kg/dl' 

^^b'/day) ^^ " 4 (S) M 1^ 400 (800) 

Capacity of chlorinator 

required at peak flow^ kg/d 

^l^/day> n (25) 110 (250) 1 100 (2 500) 



Nominal contact time at 

a¥erage design flow (minutes) 45 45 §p 



Contact Tank Requirement 

Volume, m^ (gallons,| 14 (3 125) 140 (31 250) 1 400 (312 500f 

Volume, m3 (ft^) 14 (50O) 140 (5 000) 1 400 (50 000) 

Approximate ¥0'luiie of 

reinforced concrete 

(includes taffies), m^ (cu yd) W'^ (35) 150 (195) 665 (870) 



Estimated power requirement 
for chlorine ejection water 
pump (kWh/d) 10 20 55 



Estimated labour requirement 

(8-hour .days per year equivalent) 10 IQ 20 
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miLl G... 2-1.1 ISTIMTIOl 'OF USE-COST OF ClLOltll Ai A KJilCIPAL 'SECOIDAIY IFPLDEIT BI'SIMFECTAIT'^ 
(IQI-NITIIFIED mB MITIIFIEB EFFLDISXS) 






S 



■iteait 



Capital CosE 

flaiff-profortlomal cofntrol only ($) 

aeildiial epntrol. equlpnient i^) 

Mi s cc 1 lane ous^ e qui ;pmeifl t 

In-cludlng pumps 5, weighing scale for 
chlorlrie cylinder, hoist, etc. ($) 

Chlotlne Coiitiact Chamber ($) 



En.gi.ja,eeiel ng Cost ($•)■ 



Total Capital Cost (1)' 

Total Capltfll C&mt AftBr Aiio.rt.igatlO'n Cll 

i/Hi3 Unom Igal) 

Ciperatlng Coat 

Cost, ol' Liquid Chlorine , tFvfl (tflWO Igall^ 
(hasei 'On laverage ■•dally usage) 

Labour Cost, i./lOOO ii3 (t/lO'OO lgal| 

Fm&r Cost , t/lOO'O m^ (t/lOiOO Igal) 

Bqulpmerit. Maliiteii,a]i.ce cost, 4./IOQO1 m^' Ccfe,/1000i' lial) 



Plant design capacity 
m^/d (Imgd) 



451^' ^' (0.1) 4 546 (i) 



45 46D 



imr 



4 SDO 

5 01:00 



1 O'OO 

4 500 

5 200 



4 300 

5 000 



15 300 

13 .ao-0 



5 000 
5 000 



4 50i0 

118 000 

46 400 



20 000 
40 40 Oi 
la (5.53) 



51 400 

103 900 

0.3 (1.42) 



178 900 

361 SO'O 

0»1 (0.50): 



■i*S (2,50) 0.3 (1.49) 0.3 



(1.34) 



385 


(1.75) 


40 


(0.18) 


8,8 


(0.04) 


44 


(0.2) 


8.8 


(0.04) 


2.2 


(O'.Ol) 


b2 


(0.28) 


S.8 


(0.04) 


8.8 


C0J04) 



total Oiperatlftg Gost, i/m^ Ct/IO'OD Igal I 



I,iQ (4.73) 0.4 (1«75) 0,3 (1.43) 



•p.ge'-Co.st (4/ 1000 Igal) 
(,$/10.00 ii3) 



10.26 
22.,ft0 



3.17 
6.98 



1.93 
4.25 



~zz,„^ - -_^ a. 



TABLE G,3, OESIG!J PAMMETERS FOR aiLORINE DIOXIDE AS A MUNICIPAL llCO'^AlY EFFLUENT DISINFECTANT 



Parameter 



Effluent Quality 



lon-Ni trifled 



Nitrified 



Denitrified 



455 
(0.1) 



4 546 
(J.O) 



Plant Capacity m-\'^'d (Imgd) 



45' 46-0 
(10) 



455 
(0.1) 



4 546 
(1.0) 



45 460 
(10) 



455 
(0.1) 



4 546 
(1.0) 



45 460 
(10) 



Chlorine Dlxolde Dosage 

A¥erage concentration (mg/L) 
Ayetag-e dally ase« kg/d 

■ (lb/day) 
■©tpteley ef '&&2 fenerator 
Eeqoired at peak flow, kg/d 

(lb/day) 



J I 1 ^ :§ 6 A A. 4 

30 -500 %f 27' 270 1 .B 18 180 

I (70:^ (700): t€| (60) (dOO) (4) im (400) 

$ 90 900 f 90 900 i 45 450 

(20) (200) (2 (»00) (20) (200) (2 OVO) (20) flOO^ (1 100) 



Access-orf Equipment for Generation 
and Dosing 



ChlorinatOT capacity, kg/d 

(Ib/dafI 
"HaCl02 3olutiO'n storage 
tank m^M-GAtig*^: m^' 
- .^- .~ - (Igal) 

m Agitator for ^aClO^ in solution, kw 

Jhp) 
NaCl02 metering pump capacity, m-^ 

(Igpd) 



fil 


lid 

(250) 


i 000 

(2 000) 


11 
(25) 


110 

,(200) 


1 100 
(2 000) 


u 

(25) 


no 

(200) 


1 000 
(2 000) 


5,.» 


t.m 


4.55 


M.m 


f%2f" 


4.55- 


Q.27 


2.27' 


4.5 5 


(60) 
0.37 


(500) 
0,75 


n 000) 

2.24 


(60) 
0.37 


(500) 
0.75 


(1 oool 

2.24 


.C.60) 
0.37 


(500) 
0.75 


(i 000) 
2.24 


(i) 

0.14 


(1) 
1.40 


(3) 
14 


(i) 
0.14 


(1) 
1.40 


(3) 
14 


(D 
0,09 


(1) 
0.9 


(3) 

9 


(30) 


(300) 


(3 000) 


(30) 


(300) 


(3 000) 


(20) 


(200) 


(2 000) 



Nominal CO'ntact Time 
At design flow (miiil' 



$^ 



m 



20 



,20 



20 



m 



m 



m 



m 



Contact Tank Requirement 

'Volume , m^ 

(ft3) 

Ikpproximate volume of reinforced concrete 
required (including teffles)^ m 

(yd3) 



i< i -6-3 t30 6.3- 63 630 

v223) iZ 300) (22 300) (223) (2 300) (22 300) 



6.3 m 630 

(223) |t ^1 412. 300) 



20 



72 
(94) 



382 
(SOO) 



20 

(25) 



72 

( 94 ) 



382 
(?00) 



20 

(25) 



72 
(94) 



>a2 

(500) 



Mai n t e nanc e_ 

Electrical power (kWli/4| 

LabO'ur (8-hour day per' 



equivalent) 



5t) 



m 



110 

250 



20 
50 



40. 
50 



UO 

250 



m 

50 



40 

m 



100 

250 



'*Polyethylene tank in 455 in^/d (0.1 Imgd) plantsf i 546 and 45 460 m^/^ ,f| ^^^ j^q img^ plants) are assuned ,^ ^e fibregla.^ 
reinforced plastic tanks. 



miLi' c.A.. ESTimTioi m use-cO'St mi chloiiie. diO'Iide as a kdhicipal secoiIdamy effumit BisiiFicmm' 






Efflusnt QualltF 



lom '-nit rifled 



Iltrified 



Denitrified 



Plant GapaiClCy in^/d (..Imgd) 



Items 



■4.55 4 546 45 460 453 4 54.6 45 46j0 455 4 546 45 460 

(■0'..1> Ci) (10) (0,1) 11), C10i:|. (OVl) (1) (10i| 



Cliloirltte dlO'Xlde 

Generator (■$) 

Chlorlnator (S) 

Two st-oxa,ge tanks tor laClOgll) 

Agitator and ■■metering piiiEp f|5 

Co-ntact cha^'mber (■$) 

.Inglnieering cost ll) 



32 900' 
1 20i0 

mo 

1 O'OO' 

3 200 

13 600 



41 90'0 

1 200 

2 OOiOt 
1 700 

12 ZOiQi 

20 70i0i 



62 BOO 

1 500 
3 000 

2 000 
66 600 
47 600 



32 900 

1 200 

600 

1 000 

3 200 

13 600 



41 900 

1 200 

2 000 
1 700 

12 200 
20 70€ 



62 800 

1 500 
3 000 

2 000 
6,5 600 
47 600 



Tortal c^a;plt.al cO'St ($.) 

Total capital coa-t after amort izatl Q'B '($•) 

{*/ 100^0 Igal) 



ChemliCal cflsts (based on a¥erage 
dallf use.) 
laC10i2„ i/m3' 
Ct/lOOO Igal) 
■Chlorine , tJm^^ 

itnm IgalJ' 
f^Ower cost •t/m-^' 
C.4/1000 Igal) 
Laboiur eO'St tJr 
(it/lOOO Igal) 
Equlpmen^t Mal'titena^Ece cO'St ,; 

(i/10;0'0 Igal] 



Total Operating C^O'St 
(i/1000 Igal} 



52 500 
106 100 

3.2 
(14,53) 



79 700 
161 lOO 
0.5 
(2,21} 



183 500 
370 800 
0.1 
(0.51) 



52 500 
106 100 

3,2 
(14.53) 



79 700 
161 100 
0.5 
(2.21) 



183 5 GO 
370 800 

Ool 

(0.51) 



2,08 
(9,45) 

0.53 
(2.41) 
88 
(0.40) 

1193 
(S«77) 

0.22 
(0.98) 



2 . 06 
(9.36) 

0,31 
(1.40) 
18 
(0.08) 

0.13 
(0,88) 

0.03 
(0.13) 



2,06 
(9.36) 

0.31 
(1.40) 
4 
(0„02) 

0.0€i2 
(0.01) 

0.004 
(0.02) 



1.78 
(8.10) 

0.45 
(2.0i6) 
88 
(0.40) 

1.93 
(8.77) 

0.22 
(0.98) 



1.76 
(8.02) 

0.26 
(1.20) 
18 
(0.08) 

0,19 
(0.83) 

0.03 
(0.13) 



1.76 
(8s 02) 

0.26 

(1.20) 
4 
(0,02) 

0,002 
(0.01) 

0.0i04 
(0.0'2) 



32 900 

1 200 

600 

1 000 

3 200 

13 600 



35 900 



200 
000 
700 



12 200 
18 600 



52 500 
106 100 

3.2 
(14.53) 



71 600 
1A4 700 

0.4 
(1.98) 



1.58 
(7.20) 

0.30 
(1.38) 
88 
(0.40) 

1 . 93 
(8.77) 



1 . 18 
(5.35) 

0,18 
(0.80) 

18 
(0.018) 

0,19 
(0.88) 



0.22 0.02 
(0.98) (0.11) 



4.84 2.61 2.38 4,47 2.27 2.04 
(22.01) (11,85) (10.81) (20.31) (10.31) (9.27) 



50 800 
1 500 



000 
000 



66 600 
43 400 



16 7 300 
338 100 

0.1 
(0.46) 



i.ia 

(5.35) 
0.18 

(0.80) 
4 

(0,02) 
0.002 

(0.01) 

0.004 
(0.02) 



4.12 1.59 1.36 
(18.73) (7.22) (6.19) 



Use-Co'St (t/lOOO Igal) 
($/10i00 ii3) 



36.. 5^4 
8Q.,4S 



14.06 
30,97 



11.32 
24. §3 



34,84 
76.14 



la. 32 
27.58 



9..7S 
,21.54 



32.26 
73..,26 



9.20 
20.26 



6.65 
14., 6 5 



TABLE G,5. DESIGN PAMMETERS FOR OZONE AS A MUNICIPAL SECOMDARY EFFLUENT DISINFECTANT 



Parame^^ 



"Won-ni trifled 



Effluent Quality 
Nitrified 



D'fetiitiified 



455 
(0.1) 



Plant Capacity m^/d (Imgd) 



546 
III 



45 460 



455 

(oa) 



4 546 
(1) 



45 460 
(10) 



455 

(0.1) 



4 546 

(1) 



45 460 
(10) 



Ozone Dosage 

Average concentration (rag/L) 
Average daily usage, kg/d 

(ib/dayl 
Capacity 5f c5£ofi§ getterator 
required at peak flow^ kg/d 

(lb/day) 



14 
5.4 
U4) 

19 

(42} 



14 
54 

190 
(420} 



14 
640 
(1 400) 

1 900 

f4 200) 



10 

4.5 

(10) 

13.6 
(30) 



10 
45 
(100) 

136 

(300) 



10 

450 
(1 000) 

1 360 
(3 000) 



4 

1,8 

6.8 

(15) 



4 

m 

68 
(150) 



4 

(40'0) 

680 
(1 500) 



Nominal contact time at average 
design flow (minutesj 



54 



54 



54 



27 



if 



27 



27 



27 



27' 



Air required at one percent O'ZO'ne 
by weight, kg/d 

(lb/day) 



1 900 19 000 190 000 1 360 13 600 136 000 544 5 440 54 000 
(4 200) (42 000) (420 000) (3 000) (30 000) (300 000) (1 200) (12 000) (120 000| 



Contact Chamber Requirement 




















falume, a*^ 


14.2 


142 


1 448 


11.4 


114 


1 140 


9.5 


95 


950 


(igall 
(ft3) 


(3 125) 


(31 250) 


(318 500) 


(2 500) 


f25 000) 


(250 000) 


(2 085) 


(20 850) 


(208 500) 


(500) 


(3 000) 


[50 000) 


(400) 


(4 000) 


(40 000) 


(334) 


(3 340) 


(33 400) 


AppTaximate volume of rtfirfdfiifri 




















concrete reaulred (including 
'baffles), m-^ 




















28 


92 


367 


m 


57 


250 


20 


57 


250 


(cu yd) 


(36) 


(120) 


(480) 


(25) 


(75) 


(325) 


(25) 


(75) 


(325) 



Power Requirement (based on average 
daily usage) (kWh/d) 


140 


] 400 


14 000 


100 


1 000 


10 000 


4-0 


400 


4 000 


Estimated labour requirement 

( 5-hour days per year equivalent) 


80 


m 


260 


80 


80 


260 


30 


80 


260 



e 



TABLE G,t3. ESTII-L4TI0N OF USE^COST OF OZONE AS A MUNICIPAL SECOrmARY EFFLUEIT DISIHFECTAUT 



Effluent Quality 



Hon-Tiitrlfleci Nitrified Denitrif leiJ. 

Plant Capacity, Tn^/dl (Imsd) ^ 



Item 455 4 546 45 4601 455 4 546 45 460 455 4 546 i5 460 

CD (10) (0.1) CD (Oi,l) (10) (1) (O.i) (10) 



Ozone generator and 
acceasory equipment 
(InBtalled price) (S) US mQ 504 000 2 772 000 87 750 40'6 500 I 995 000 45 600 180 000 1 140 000 



Ozone contact ctiamber (?) 4 500 15 000 60 000 3 200 10 0«00 46 800 3 200 10 000 46 800 



Total capital mst ($> 117 900 519 OOO 2 S32 000 91 OPiO 416 500 2 0'41 800 48 800 190 000 1 186 8.00 



r-^.r.-"Lr^^-j_- _ j'-;xz^ 



Toital capital cost after 

Amortization (|) 23S 300 1 04b 900 5 723 300 183 900 841 700 4 126 400 98 600 384 000 2 398 500 

*/m^ 7.2 3.2 1«7 5.5 2.5 1.2 3,0 1.2 0.7 

(t/10€0 Igal) (32.64) (14.37) (7.84) (25.19) (11.53) (5,65) (13.51) (5.26) (3.29) 



Equipment maintenance co'Sts 

(t/1000 Igal) 3.11 1.38 0,76 2.40 1.11 i.55 1.25 0.49 0.31 

Labour cost (t/lUO'O Igal) 14.03 1.40 0.46 14.03 1.40 i!v46' U.03, 1,40 i!*44; 

Power cost (i/lO'OO Igal) 2.80 2.80 2.80 2.0i0 2.00 1.00 0.0'8 0.80 O1.81O 



Toital Qiperating cost 

*/m^ 4.4 1.2: fcg 4.1 1,0 0.7 3.5 0.6 0,4 

(t/lOOO Igal) Cli,«| C5„58) (4,02).., (18.43) (4.51) (3.01) (16.08) (2.69) (1.57) 



Uae-coBt (t/lOOQ I,galJ; 52.51 1§'..95 ll.B* 43.62 16.04 8.66 29,59 7.95 4.86 

($/100O m3| 115.82 4J,I4 26,12 96.08 35.33 19.08 65,18 17«51 10.71 



- ---r -- — ". "^ :.-:'^-:gr"'T-.. ,^, 



TABLi^ (;.7, Dl-SIGN PARAMETERS FOR APPLYING SULPHUR DJOXfUP FOR 

CriLORIKE/CilLORlXI': DIOXFDL RF^SIIHJAL REMOVAL 1:^ b:l,KlCIPAL 
SECOiNDARY LFi'LLD^TS 



Plant Design Capacity, ni-/d (Imgd) 



Paraoietef 



455 (0.1) 4 546 (1) 45 460 (10) 



Sulphur_ Dioxide po_sa-_g_e. 

Maxlmuni coincentration (nig/L) 3.0 

tlaximuni daily usage, kg/d (IF/day) U4 ('3) 



Capacity of chlorinator at 
peak flow, kg/d (lb/day) 

Estimated power requirement 
for dosing SO'2 (kWli/d) 

Estimated labour requirement 
(8-h days per year equivalent) 



4.5 (LO) 



14 
45 



3.0 
(30) 

.(100) 



20 
10 



140 
45,0 



3.0 
(300) 



(LOO'O) 



§5 
20 



TABLL G.6. LSTlMiVTTON OF nSi;-COST 0]" APiMA LwG Su ; FOR aiLOKlKF/CMLORlNE 
DIOXIDE RFSiDLAE REMuVAL JK NUE ] CI PAL^ SECCJNDAR j EtrLULRTS 



Par'iiineLer 



(Jhlo rl tiator 

Flow -pro port ion-nl contr*..*! only ($) 

A L! L o ma 1 1 c r o s i cI u a ) c o n t r o 1 
(extra) (.<) 

Engineering cosi. (^) 



Plant Design Capacity, m-'/d (Imgd) 



4 300 

5 000 

3 300 



4 300 

5 000 
3 300 



(0.1) 4 546 (1) 45 460 (10) 



4 300 

3 000 
3 300 



T o t a i_ Co p i L a 1 c o s t ( ■;; ) 

Total capital cost afier 
a m o r c 1 x a L i. o n ( .';5 ) 

(4/1000 Igal) 



Cost r,f sulphur dioxide (d/lOOO Iga i. ) 
Labour coit (d./J0O0 Iga U 
Power coriL (d/lOOO l^al) 



12 600 

25 50€ 

3.49 



0.94 
1,75 
0.2 



2 bi)(J 



)00 



0.35 



0. '5 6 
O.IH 
0.04 



12 600 

25 300 

0.04 



0.56 
Ojj4 
0,01 



Total operating cost c/ra-% (4:/ 1000 Igal) 0.64 (2.^9) 0,17 (0,7«) 0.13 (0., 61) 
Use~-oKi; (4/1000 l^al) o.'}b K13 0.65 

($/1000 Tii^) 14*05 2,49 1.43 



173 



